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This thesis concerns the tensile strengths and Young's moduli of 
carbon fibres as they are affected by the conditions used to spin the 
polyacrylonitrile (PAN) precursor fibres. Particular attention has been 
given to factors affecting the strengths of the fibres since higher 
strengths would lead to increased impact resistance in carbon fibre 
reinforced plastics.
Impurity particles in the PAN fibres were the main source of flaws in 
carbon fibres, with samples derived from PAN fibres spun under clean-room 
conditions having significantljr higher strengths. For example clean PAN 
fibres stretched x 14 steam gave carbon fibres with average strengths 
of 3»0 GN/m^ after heat—treatments to both 1400°C and 25PO°C. When the PAN
fibres were spun under normal laboratory conditions however the strength of
o 2the fibres after heat-treatment to 1400 G was only 2,1 GN/m and this
decreased to 1«7 GN/m^ after treatment to 2500°G. Thus it was found that
flaws due to impurities caused the average strengths of carbon fibres to
decrease after he at-ire atment s to 2500° C and also to vary with the length '
of fibre tested.
Following the analysis of samples of airborne dust, and experiments 
involving the deliberate contamination of PAN fibres before conversion to 
carbon fibres, it was concluded that the flaws were mainly caused by 
inorganic impurities such as silica, silicates and iron oxide. The'flaws 
were thought to form in two stages (1) by reactions with the fibres leading 
to the reduction of the oxides and (2) because the impurities promoted the 
formation of localized randomly-oriented three-dimensional graphite in the 
fibres.
SUMMARY
2
The mechanical properties of the-carhon fibres were also found to be 
influenced by the amount of hot-stretch applied during the spinning of the 
PAN fibres and the hot-stretching temperature used.
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that exists in the aircraft industry a method of converting polyacrylonitrile
(PAN) fibres into high modulus high strength carbon fibres was developed at
1 2the Royal Aircraft Establishment (RAE) by Watt, Phillips and Johnson 1 .
The process involves oxidizing the PAN fibres at constant length in air at 
about 220°C followed by carbonization and heat-treatment in an inert 
atmosphere. As a result of this work high modulus carbon fibres are now
tbeing produced commercially, mainly as a reinforcing agent for plastics.
3The Young’s modulus of the fibres is dependent on the processing conditions
2 oand can be as high as 400 GN/m after a heat-treatment to 2500 C.
pTypically the fibres then have a strength of about 2 GN/m " with a 
coefficient of variation of 25$ and an average breaking strain of 0.5$*
Heat-treatments to lower temperatures in the range 1200~1500°C usually
3 4* 2result in fibres of maximum tensile strength 7 , up to about 3 GN/m . In
this case breaking strains as high as 1.3$ are obtained since the Young1s
, 2modulus is lower, in the region of 200-250 GN/m .
%The high Young’s modulus of carbon fibres in due to a high degree of 
preferred orientation in the structure with the basal planes of the 
crystallites aligned along the lengths of the fibres. This has been
1 5demonstrated by X-ray diffraction and also by structural studies using
au ultramicrotome to cut thin sections for examination in the electron 
microscope. The carbon fibres were found to have an internal fibrous 
.structure that was closely related to the fib rilla r nature of the PAN 
precursor fibre. The structure and mechanical properties of the PAN 
fibres were therefore thought to be important parameters and this thesis 
describes a study of the effects of varying the spinning* conditions on
* Spinning here means the forming of continuous fibre from a solution of 
the polymer.
1 INTRODUCTION
To m eet t h e  r e q u i r e m e n t  f o r  s t i f f  l i g h t - w e i g h t  c o m p o s i t e  m a t e r i a l s
the properties of both the PAN fibres and the carbon fibres derived from 
them. Factors affecting the strengths of carbon fibres were of particular 
interest since further improvements in strength would help to establish 
carbon fibre reinforced plastics as a major engineering material. For 
example the relatively low impact resistance of carbon fibre composites 
is a limitation and Bader, Bailey and Belld have shown that the absorption 
of impact energy is dependent on the square of the fibre strength.
7PAN fibres need-to be given a hot stretching treatment during
spinning to align the polymer chains along the axis of the fibres and
in itia l experiments therefore involved preparing samples for conversion to
carbon fibre that had been stretched by different amounts and at different
-temperatures. This work showed that the mechanical properties of the carbon
fibres were related to those of the PAN fibres. However when hot stretching
conditions had been found that gave high strength PAN fibres the carbon
fibres obtained were s till no stronger than those of commercial high
modulus carbon fibres. Investigations of the fracture surfaces of carbon
fibres with the scanning electron microscope (SEI-l) both by Johnson and 
.^ SThorne'1’’ and at the RAE indicated that strength-limiting flaws were present
caused by the reaction of impurity particles with the fibres during the
carbonization and heat-treatment. Furthermore samples of the laboratory-
spun fibres were seen to contain impurity particles using an optical
microscope and a particle count taken near the spinning apparatus showed
7 ^the air to contain ~10 particles/m above 0.5 (.im in size. It was 
concluded therefore that, although inclusions within the fibres might be 
removed by careful filtration of the spinning solution, surface 
contamination could not be avoided under normal laboratory conditions. 
Accordingly a second spinning apparatus was set up in a clean room that 
had been fitted with a bank of laminar flow air filters to provide dust-
9
free conditions. Further experiments were then done (a) to see whether 
the strengths of carbon fibres could be increased by spinning and 
processing the precursor fibre under clean conditions and (b) to learn 
more about the nature of the strength-limiting flaws.
The main polymers used for spinning the precursor fibres contained 
methyl acrylate as comonomer and were obtained from producers of commercial 
PAN fibres. In addition some polymers containing different comonomers 
designed to promote cross-linking during pyrolysis were spun and evaluated, 
since it was recognised that the composition of the starting material could 
also affect the structure and hence the properties of carbon fibres. This 
work is described in Appendix A. These experiments were not done under 
clean room conditions as the main interest here was in the modulus of the 
carbon fibres, which, being an intrinsic property of the fibres, was 
dependent on the amount of preferred orientation in the structure. The 
effects of different comonomers on the Young's moduli and the carbon 
yields were examined for samples processed with and without an oxidation 
treatment, the objective being to see if  the oxidation stage of the 
process could be eliminated. The oxidation stage normally requires 
several hours treatment in air at 220° C for PAN fibres 13 ffm in diameter4 
and if  this could be avoided then production costs oould be reduced.
2 LITERATURE REVIEW
2.1 Historical background
Since the advent of air travel and more recently the exploration of
space new structural materials have been sought that would enable weight
to be saved. Three important requirements of a new structural material
9are thus a low density, a high strength and a high stiffness. Gordon , in 
a review of existing and potential materials for use in aircraft, pointed
10
specific gravity, is approximately constant for conventional structural
materials, the common value being about 27 GN/m as can be seen from
Table 1. He also discussed materials that did not fa ll into this category
in that their specific moduli were much higher and some examples are given
in Table 2. In general these materials contain elements of low atomic
number, they have strong interatomic bonding and consequently high melting
points. However since they are also brittle they are not suitable as
structural materials in their own right although they are s t ill of great
interest as reinforcing agents in composite materials. Table 2 shows that
2carbon whiskers with a specific modulus of 420 GN/m have the greatest
2potential. These whiskers with measured strengths as high as 20 GN/m
10were originally discovered and evaluated by Bacon in the USA. They have 
very high mechanical properties as a result of their structure which can 
be described as a graphite layer plane, with strong interatomic bonding, 
rolled into a scroll. However they cannot at present be produced in 
quantity as they were obtained by striking a dc electric aro between carbon 
electrodes at 3900°K and the longest whisker extracted from the resultant 
boule of graphite at the negative electrode was only about 3 cm in length. 
Nevertheless the very high mechanical properties of these carbon whiskers 
did much to stimulate interest in the possibility of making high modulus 
carbon fibres for use as a reinforcement in composite materials.
The carbonization of a textile fibre is a convenient way of producing
11carbon fibres in large quantities and Cranch in 1962 described carbon
fibres made by carbonizing cellulosic fibres. Typically the fibres had a
/ 2 ? strength of 0.3 GN/m , a Young’s modulus of 4*0 GN/m and a density of
. 3 21.6 g/cm . Their specific modulus was therefore only about 25 GN/m and
o u t  t h a t  t h e  s p e c i f i c  m o d u lu s ,  i . e .  t h e  Y o u n g ’ s  m o d u lu s  d i v i d e d  b y  t h e
t h i s  was b e c a u s e  o f  t h e  random  a r r a n g e m e n t  o f  t h e  c r y s t a l l i t e s  w i t h i n  t h e
Material Specificgravity
Young1s 
modulus
GN/m2
Specific
modulus
GN/m2
Wood, spruce 
parallel to grain 0.5 13.3 27
Magnesium 1.7 42.0 26
Glass 2.5 70.0 28
Aluminium 2.7 73.5 27
Titanium 4.5 119 27
Iron 7.8 210 27
Tungsten 19*3 420 22
Table 1
9Specific moduli of various materials'
Material Specificgravity
Young’s 
modulus
C-N/m2
Specific
modulus
n
GN/m"
Alumina 4-0 385 98
Boron 2.3 420 182
Carbon, whisker 2.3 965 420
Carbon, diamond 3.5 1190 340
Magnesia 3.6 287 77
Silicon carbide 3.2 560 175
Table 2
Some high specific modulus materials9
fibres. The problem in obtaining high modulus carbon fibres was thus to 
find a method of making the fibres with the graphitic layer planes 
preferentially aligned along the axis of the fibres. The structure of 
graphite is shown in Fig.1* and the importance of layer plane orientation
12stems from the very high elastic modulus parallel to the planes, estimated
2 2 to be 1020 GN/m , whereas perpendicular to the planes it is only 43 GN/m .
The effect of the angle between the basal planes of a single crystal and
the tensile axis on the effective Young’s modulus has been calculated by 
13Watt and Johnson and their results are shown in Fig 2. This graph shows 
that the effective modulus decreases very rapidly as the orientation angle 
is decreased in the range 0-20°, For example when the angle is 10° the 
effective modulus is only about 35$ of the value parallel to the planes. 
Therefore the alignment of the planes along the axis of the fibres is 
crucial to the attainment of a high modulus carbon fibre.
14Shindo in 1961 was the first to report that PAN fibres could be
carbonized in an inert atmosphere to obtain carbon fibres. A forerunner
15of this work was a study by Houtz who suggested that when PAN fibres 
turned black on heating in air at 200°G a condensed pyridene ring structure 
had been formed by oyclization of the nitrile groups:
CH0 0Ho CH0 CH0 CH0 CH CH CH0
/  \  \  \  \  /  \  s  \  /  %  /  \CH CH CH C C C
[-H]
CN CN CN CH C , C
\ / \ S \N N Nil2
* Figures are shown at the ends of the chapters and are numbered 
consecutively throughout the thesis..
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Shindo found that an oxidation treatment in air at 200°C enabled the yield 
on carbonizing to 1000°C in nitrogen to be increased from 44$ to 54$ and- 
also improved the strengths of the carbonized fibres. A typical sample of 
his fibre, prepared from oxidized PAN fibre had a strength of 0.5 GN/m and
2 Qa Young’s modulus of 135 GN/m after heat-treatment to 2500 C. These carbon 
fibres therefore represented an advance as they had higher moduli than 
those obtained by carbonizing cellulosic fibre and consequently had some 
preferred orientation of the crystallites, as was shown by X-ray diffraction. 
Nevertheless the moduli were s till not high enough to excite any interest 
in their use as a reinforcement for composite materials.
A major step forward was made after this however when Watt, Phillips
1 2 ' and Johnson 1 at the Royal Aircraft Establishment, Parnborough, discovered
that carbon fibres with significantly higher moduli and strengths could be
made from PAN fibres. Their method involved an oxidation treatment in air
a,t 220°G for sufficient time to allow oxygen to penetrate to the centre of
the fibres which were held at constant length throughout this first stage
oin the process. The fibres were then carbonized to 1000 C in an inert 
atmosphere and finally heat-treated to a temperature in the region of 
25O0°C. They found that it  wa,s essential to prevent the fibres from
shrinking during the oxidation stage and showed that if  this was done
* 2 carbon fibres with an average Young’s modulus of 400 GN/m and a strength
2of about 2 GN/m could be obtained. In subsequent work on the effect of
heat-treatment on the mechanical properties of PAN-based carbon fibres,
Moreton, Watt and Johnson^  showed that the strength of the fibres passed
through a maximum after treatment to 1500-1600°C whereas the modulus
continued to rise with heat-treatment temperature. Thus two main types of
fibre were found, high modulus fibre with a Young’s modulus of 410 GN/m
2and a strength of 2.30 GN/m and high strength fibre with a lower modulus,
■14
2 2 240 GN/m , but with a strength of 3*25 GN/m . The results are shown in Fig .3
which also includes Shindo’s values for comparison. From this it  can be
seen that the RAE process gives fibre with three times the modulus and
four times the strength of Shindo’s fibres. The RAE fibres were therefore
of immediate interest as a reinforcing medium for plastics and metals. An
examination of their structure by X—ray diffraction showed tha/t a pronounced
preferred orientation of the crystallites was present along the axes of the
•ifibres and that the average modulus of different samples could be correlated 
with the half-width of the 002 reflection at half intensity. It  appears 
that Shindo’s carbon fibres had lower moduli and strengths mainly because 
he did not prevent shrinkage of the fibres during his oxidation stage and 
hence did not attain sufficient preferred orientation in the resultant 
carbon fibres.
jShortly after the RAE workers had published their first results
Prescott and Standage of Rolls Royce Ltd announced^ 5 that they had achieved
2carbon fibres with average Young’s moduli of 420 GN/m and strengths of 
/ 2about 1.7 GN/m using a PAN precursor fibre, Their method involved
stretching PAN fibres in boiling water to improve the alignment of the
molecules, and to reduce their fibre diameter from 33 pm to 19 pm-) followed
17by very slow carbonization under tension . However in subsequent work at 
Rolls Royce on PAN-based carbon fibres the RAE process of oxidation under 
tension, followed by carbonization without tension was adopted, since this 
gave better fibre properties, higher carbon yields and also because 
shorter processing times were required.
While the method of producing carbon fibres from PAN fibre was being 
developed at the RAE a different approach to the same objective was being 
made in the USA where Bacon and his co-workers at Union Carbide Corp. were
15
18 19 20studying cellulose-based fibres ’ ' ' 1 . They found that if  low modulus
carbon fibres derived from rayon were hot-stretched at about 2700°C the
modulus increased due to the development of preferred orientation in the
fibres. Extensions of up to about 300$ were achieved and both fibre
18strength and modulus increased with the amount of applied stretch
2Although very high moduli, up to about 630 GN/m , can be obtained by the 
hot stretching treatment, the RAE method using PAN fibre is more attractive 
as tension is only necessary at the low temperature of 220°C during
oxidation. It  is worth mentioning here than PAN-based carbon fibres can
21,22 22 also be hot-stretched 7 and that an extension of only 29$ is needed to
raise the fibre modulus from 403 to 656 GN/m .
/Carbon fibres have also been obtained by spinning fibres from pitch,
this being followed by a low temperature oxidation treatment and by
23carbonizing, as was first reported by Otani . Although these fibres had
p  A p Clow Young’s moduli it  was later shown by Hawthorne et al 5 that this
type of fibre could also be hot-stretched at 2200~2900°C to improve both
modulus and strength. The maximum extension attained was 180$ which
resulted in carbon fibres with an average modulus of 620 GN/m and an
2average strength of 2.6 GN/m .
9
The situation at the beginning of this investigation therefore was 
that high modulus carbon fibres could be obtained from PAN fibre by 
oxidation under tension followed by carbonizing without tension, and also 
from a number of other precursors by carbonizing with subsequent hot- 
stretching treatments.
16
2.2.1 In itia l X-ray diffraction studies
In their first paper announcing the development of high modulus 
carbon fibre from PAN fibre, Watt, Phillips and Johnson showed that carbon 
fibre modulus could be correlated with the preferred orientation of the
14002 layer planes as determined by X-ray diffraction. Previously Shindo
had also reported some preferred orientation in his carbon fibres. In
26addition X-ray diffraction indicated that the crystallites were
turbostratic, i.e . the layer planes were not stacked in regular ABAB ......
sequences and the d spacing was 0.34 nm. For fibres with a Young’s
modulus of 410 GN/m the average stack height (L ) was estimated to be at
least 12 layer planes and the width of the crystallites (L ) was abouta
6-12 nm.
2.2.2 Transmission electron microscopy of thin sections
The structure of carbon fibres, as seen by electron microscopy of
5thin sections was then examined by Watt and Johnson ana by Baaami, joiner 
27and Jones . Sections cut from the fibres with an ultramicrotome were
found to have an internal structure consisting of long narrow units lying
parallel to the fibre axis, see Fig.4* Electron diffraction was used to
5show the preferred orientation of the 002 planes within these units . It
was concluded that the fibres had an inter-linking fib rilla r structure as
28a consequence of the fib rilla r nature of the PAN precursor fibre . The 
primary fib rils, which were estimated to be about 10 nm across and of 
indeterminate length, contained the crystalline regions found by X-ray
diffraction. Similar fib rilla r structures have also been shown to exist in
20 25 hot-stretched carbon fibres from rayon and from pitch .
2 . 2  C arb o n  f i b r e  s t r u c t u r e
17
2.2.3 Microstructural models
29-36
and transmission electron microscopy of carbon fibre fragments followed,
29 30 31-34notably by Ruland and his co-workers 7 and by Johnson et al at
29Leeds University. Ruland concluded that high modulus carbon fibres
prepared by hot stretching and by the RAE method had similar structures and
proposed a model with long ribbons of graphitic basal planes as the primary
units. These ribbons were thought to be stacked into microfibrils that
were interwoven and preferentially aligned along the fibre axis. Long
narrow voids having the same preferred orientation as the graphite ribbons
were also present between the microfibrils and individual ribbons sometimes
passed from one microfibril to another. A two dimensional representation
29of the model is shown in Fig.5* Ruland showed that for PAN-based carbon 
fibres heat-treated to 1250°C L was virtually the same, 3*4-3*5 nm,
c b
perpendicular and parallel to the fibre axis. However on heating to 2700°C
the figure for L^  parallel to the axis increased to 11.9 nm whereas
normal to the fibre the value was then only 6.4 nm. He suggested that the
straight regions in the microfibrils grew longer on heating to high
temperatures due to the collapse of small voids and the disappearance of
curved regions. This also resulted in a smaller number of larger voids in
37the structure. Reynolds et al found that the Young’s moduli of carbon
fibres increased with the applied load, by up to about 30$, an observation
that could be explained as a straightening of the ribbons using Ruland’s
model. The Young’s moduli were determined hy an indirect sonic method
38however and as Watt has pointed out the effect has not been seen when 
testing fibre reinforced plastic bars.
F u r t h e r  i n v e s t i g a t i o n s  u s i n g  h i g h  a n d  low  a n g l e  X - r a y  m e th o d s
18
differed from Ruland’s model in that they considered the microfibrils to
contain chains of small crystallites separated by low angle t ilt  and twist
33boundaries. However Johnson was later able to resolve the layer planes
directly in the electron microscope by tilting  the beam so that the zero
order and the (002) reflections were symmetrical about the objective axis.
The individual layer planes were then seen to be continuous for longer than
the L values found by X-ray diffraction and edge dislocations were also a
found to be present in the structure. Crawford and Johnson  ^ continued 
with this work and put forward a model for a part of the cross-section of a 
fibre to show ways in which the crystallites could be linked together.
Their model, given in Fig.6, is an expanded one for ease of presentation.
Ergun , as a result of studying the relative intensities of different
X-ray reflections from high modulus carbon fibres, put forward the idea that
the crystallites in the fibres contained folded graphite layer planes. It
is difficult to reconcile this suggestion with the electron micrographs of 
33Johnson however.
2.2.4 Structural models for carbon fibre cross-sections 
Electron microscopy using both light and dark field techniques to 
examine thin sections cut by ultramicrotome showed no change in structure 
across the fibres, suggesting that the fibres were transversely isotropic, 
See Figs.4 and 7(a). However a number of investigators^ ^  have observed 
that polished cross-sections, when examined between crossed nicols using 
reflected light, were optically active and showed extinction crosses. This 
led to suggestions that PAN-based carbon fibres had an onion skin type of 
structure^0 ^  as shown in Brig.7(b). Butler and Diefendorti0, the first to 
put forward this idea, also used X-ray and electron diffraction to show
31J o h n s o n  a n d  T y s o n ’ s  i n i t i a l  i n t e r p r e t a t i o n  o f  c a r b o n  f i b r e  s t r u c t u r e
19
that crystallites near the surface were larger and had better preferred
41orientation along the fibre axis. Knibbs maintained that fibres could
be prepared either with an onion skin structure, or a radial-circumferential
42structure as in Fig.7(c), by varying the processing conditions. Le Maistre
came to the same conclusions and suggested that only fully oxidized PAN
fibres gave carbon fibres with the onion skin structure. Similarly, Larsen
and Smith4^  thought that although completely oxidized PAN fibres gave carbon
fibres with an onion skin structure in commercial production the oxidation
was kept to a minimum which gave fibres with the radial-circumferential
structure. In addition to optical microscopy Larsen and Smith used a
plasma etching technique to show carbon fibre structure in the scanning
electron microscope. Ridges seen radiating from a point in the centre of
✓
the fibre were taken to be supporting evidence for the radial-circumferential 
model. Broken ends of commercial carbon fibres examined by scanning electron 
microscopy without any etching treatment have not shown radial ridges of 
this sort however,although occasionally concentric ridges have been seen44.
The existence of onion skin and radial-circumferential structures in
carbon fibres has not yet been universally accepted and more work needs to
be done. For example an explanation of why some carbon fibre cross-
39sections are not optically active y is required. The physical processes 
taking place during the oxidation of PAN fibres are not yet fully understood 
although it is known that the carbon fibre properties are controlled by
what takes place at this stage. Work done on the structural changes that
occur during pyrolysis w ill be discussed in Section 2.3°
2.2.5 Effect of fibre structure on some physical properties 
5Watt and Johnson estimated that the thermal conductivity of fibre
with a Young’s modulus of 410 GN/n/ was 59 watts m  ^ °G  ^ using the Debye
equation for lattice conduction. They also reported that the electrical
20
5 —1 —1conductivity was 3*3 x 10 ohm m at room temperature. They suggested 
that these values were lower than the corresponding values for highly 
ordered pyrolytic graphite due to the smaller crystallites in the fibres.
The two conductivities quoted for pyrolytic graphite were 1420 watts m  ^ °G
o 5 *—1 —*] a *5(at 40 C) and 25 x 10" ohm in respectively. Conor and Owston showed
that applied stress increased the electrical resistivity of carbon fibres
and discussed their results in terms of changes in the orientation of the
crystallites. Variations in the resistivity of carbon fibres caused by
' 46different processing conditions have been investigated in this laboratory 
with the results showing an inverse correlation between resistivity and 
Young’s modulus. Other papers on the electrical properties of carbon
fibres have been published by Ezekiel^ -7, Yamaguchi^ 8, Tsuzuku and Arai^,
50 51Rappeneau et al and Robson et al . The relation between the axial
thermal expansion and the preferred orientation in a number of different
52types of carbon fibre has been studied by Butler et a.1 . The expansion
coefficient for a sample of commercial PAN-based carbon fibre with a
modulus of 410 GN/m2 was found to be 0.95 x 10 b/°C over the range 25~1500°C
51It has also been shown that carbon fibres with this modulus have a small 
negative expansion coefficient at low tempera.tures; i.e. -1.3 x 10 5/°C over 
the range 10-100°C. Although no figures are available for the transverse
expansion coefficient of PAN-based carbon fibres some measurements have
9 * *5 4- 2been made on rayon based fibres with a modulus of 345 GN/m . The
transverse expansion coefficient was much higher due to the anisotropic
fibre structure, for example it was about 15 x 10 5/°C at 1000°C.
The room temperature porosities of carbon fibres have been studied 
55by Spencer et al by measuring displacement densities in a silicone oil 
and in inert gases. Porosity open to helium but not to the oil increased 
with heat-treatment temperature to a maximum of about 15$ at 1000°G. After
21
treatment to 1200°C however the helium could not penetrate the fibres even 
though about 15$ porosity was s till present. When using gases with larger 
atomic diameters the pore openings became inaccessible after heating to 
lower temperatures, e.g. 600°C with Krypton and 900° C with Neon, The 
density of fibres heat treated to 2500°C was about 1.9 g/cnti. The
porosities of carbonized PAN fibres have also been investigated by
56 57Fialkov et al and by Mimeault and McKee
2.2.6 Surface properties
Two important properties of carbon fibre composites, the inter-
laminar shear strength' and the impact strength, are affected by. the bond
58between the fibre and the matrix. In itia l experiments showed that the
/
inter-laminar shear strength of fibre reinforced resins was poor, about
2 5820 MN/m , but this was overcome by oxidation treatments in air or in a
59 60 58hypochlorite solution ? . These treatments are thought to produce
small pits in the surfaces of the fibres although they can be done without
causing a decrease in fibre strength, High energy photoelectron
61spectroscopy has been vised to detect the elements present on the surfaces
of carbon fibres, both before and after oxidation. This work has shown
for example that oxygen atoms on the surfaces of oxidized carbon fibres
occupy at least two different types of site. Carbon fibre surfaces have
62also been investigated by means of heats of adsorption measurements
2.3 Chemistry of the process
2.3.1 The oxidation stage
(a) The effect on fibre properties
14-Alt hough Shindo showed that oxidation of PAN fibres gave higher 
yields of carbon fibres with better mechanical properties, it  was Watt et al 
who first realised the importance of preventing fibre shrinkage during this 
stage. They demonstrated this^ by hanging tows of PAN fibre carrying
various weights in an oven so that some tows were stretched and some shrank
during a 5k oxidation treatment. Fig.8, which gives the results obtained
after carbonization and heat-treatment of these fibres, shows the
significance of preventing shrinkage and also that an increase in modulus
of 10$ after heat-treatment to 2500°C can be obtained by stretching 37$*
The applied tension kept the polymer chains aligned along the fibre axis
so that the graphitic nuclei had the correct orientation for the formation
C>Aof high modulus fibre. Watt and Johnson also concluded that the 
oxidation reaction was diffusion controlled and that it  was essential to 
allow sufficient time for oxygen to reach the centre of the fibres. Failure 
to do this could result in fibres containing holes in their centres. The 
yield of carbon fibre increased with oxidation time and then decreased, the 
oxygen content giving maximum yield being about 11$ by wt. Oxidation turned 
the fibres black and rendered them insoluble in solvents for PAN such as 
dimethylformamide (DMF) and aqueous sodium thiocyanate (NASCN). This
insolubility has been taken as an indication of intermolecular cross-
65 66linking , although, as pointed out by Watt , there is no evidence of
this in the mechanical behaviour of the oxidized PAN fibres.
(b) Formation of ladder polymer
15As mentioned in Section 2.1, Houtz thought that dehydrogenation 
took place on heating PAN fibre in air at 200°G with the formation of the 
following structure (i):-
CH0 CH GH CH CH0
/  \ /  \ /  V /  V /  " N
c c '  c c
i I II I .Cv G C C
/ + / % / \ / \
(i)
H N N N m ,
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Houtz realised that the material was also likely to contain oxygen hut was 
not able to establish its location in the structure.
65Grassie and Hay investigated the formation of ladder polymer in PAN 
copolymers on heating in vacuum at 200°C and they concluded that structure 
( ll)  was formed without any dehydrogenation.
ch9 ch9 ch9 ch9 ch9
'  \  /  2\  /  2\  /  2\  /  2\CH CH CH CH
c c c i  ( II)
H N N N NH
They showed that initiation occurred due to acidic comonomers such as 
carboxyl groups and proposed the following mechanism:-
The changes in the C = N and the C - N bonds were followed by 
infra-red measurements. Possible mechanisms for self initiation in the 
absence of acidic groups were also discussed by Grassie and Hay.
Since this early work a number of papers on the cyclization of PAN
have been published^"^ , the increased interest being due to the
67development of carbon fibres. Miyamichi et al , who heated PAN fibres to
200-250°C, suggested that structures (i) and ( ll)  were both present, with
structure (l) predominant when the heating was done in air. Ulbricht and 
68Makschin also found that oxygen and sulphur caused oxidative dehydrogenation
of the ladder polymer on heating to 200°C, Watt et ati^  by determining the
amounts of nitrogen and hydrogen cyanide evolved on carbonizing samples of
oxidized and unoxidized PAN fibres between 500—1000°Gj were "able to show
that oxidized fibre contained more ladder polymer. They estimated that 59$
of the n itrile groups were conjugated in 13 pm fibres that had been oxidized
for 5b at 220°C before carbonizing, as compared with 41$ for fibres carbonized
without oxidation. The lengths of the ladder runs are thought to be 
69—72short , perhaps averaging 4 rings, due to the fact that the n itrile
groups are atactic and also because of initiation at a number of sites 
along the chains. Recently methods of increasing the rate of ladder
formation have been sought using hydroxyl ions^, cyanide ions^, organotin
7R r ■ Ifcompounds and Lewis acids . The work of Gump and Stuetz was particularly
interesting as they claimed that SnCl^  in DMF caused dissolved PAN to form
ladder polymer on heating to 140°C. The cyclized PAN s t ill in solution was
then spun into yellow-brown fibres that showed very little  unconjugated
nitrile in the infra-red spectrum. It is possible that fibre prepared by
this route could contain longer runs of ladder polymer.
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When PAN fibres are heated in air above 200°C a significant amount of
69oxygen is taken up by the structure. For example Watt et al found that
13 pm fibres oxidized for 5h in air at 220°C took up about 11$ oxygen.
66Watt suggested that the following idealized structure was present in 
oxidized PAN fibres
0 0
ii . iiCH ' C CH„ C
CH CH CH CH CH
I I I  I IC C Cv Cv C
/  %  /  \  \N N N N
Reasons leading up to this proposal were:-
(a) Close agreement with chemical analysis results.
(b) C = 0 groups were found in the infra-red spectrum.
(c.) Water was eliminated during oxidation.
(d) Mechanical tests showed no evidence of intermolecular 
cross-linking.
In addition, earlier work on the degradation of PAN by Brandrup and 
77Peebles had also indicated that the methylene groups were oxidized to
ketone groups. These workers also proposed that the ketone groups
accelerated the rate of ladder formation with additional oxygen being
attached to the nitrogen atoms to give a nitrone-containing structure.
78Badami and Royston found that fibres oxidized at higher temperatures 
contained more oxygen and after 6§-h at 310°C & limiting composition seemed 
to have been reached corresponding -to structure (iV)t-*
( c ) The c o m p o s i t i o n  o f  o x i d i s e d  PAN f i b r e  .
( I I I )
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Standage and Matkowsky also studied oxidized PAN fibres with 
reference to the production of carbon fibres and suggested that structures 
(V) AND (VI) were present, the relative amounts depending on the extent of 
the oxidation treatment.
79
/ ° \  / ° \
\  / H\  / GH\  / CH\  / CH\  /  
CH CH CH CH CH
/ \  / %  / \H If H N
(V)
/ ° \  / ° \  / ° \  / ° \  / ° \
\  / C\  / ° \  /
CH CH CH CH CH
i I i I i
CK Cv C c. c.
/ / %  / %  +  N N N N
(VI)
These structures, which have the same empirical formulae as ( i l l )  and (IV)
above, were proposed as a result of chemical analysis and infra-red work. 
80Bailey and Clarke on the other hand found no definite evidence of ether 
bonds and only small amounts of carbonyl in the infra-red spectrum of 
oxidized PAN fibres. They did find significant amounts of hydroxyl groups 
however and put forward structure (V Il) to show the types of chemical 
bonds that could be present in the fibres after oxidation:-
t l  f a  t o  f a t o  f a  t o  f a  t o  / t i 1Hcti toti xCti X C'
Ho
.c‘
/  \ H /  f a /  f a /  f a /  f a /  Ncr  v  'f  " f  'Y  r t ' t o r t r t r t / t i / K f a r tI I I I J h  »2 || H H j H2
^  \  ti to /to /toO-fa 6 N N 'N
H
(VII)
Bailey and Clarke considered the dehydrogenation that resulted from 
the oxidation treatment to he important in that it produced a fully aromatic 
conjugated structure that was resistant to molecular "breakdown during 
pyrolysis.
Another structure for oxidized PAN fibre has been proposed by 
Johnson et a l^  following their discovery that PAN dissolved in DMF was 
rapidly degraded at 150°C when cyanide ions were present. The black 
polymer recovered after the treatment was found to have a similar composition 
to that of oxidized PAN. They concluded that oxidation in PAN fibres did 
not occur substantially until the ladder polymer had been formed and 
suggested that the final structure (V III) was as follows
H,
to ti°NC
H2 C
k t i  \  c . c
CNt if a N
H EL
/ 0
to c \  t i 'JN
"to t i X  ti to
H
I <ti \  t i x  /N N N / N 
H I H
X
(V III)
81Recently Watt and Johnson have suggested that structures ( i l l )  (V II) 
and (V IIl) can be reconciled on the basis of tautomeric changes. They also 
concluded that PAN fibres containing ladder polymer could be oxidized more
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rapidly, having studied the effects of vacuum pretreatments at 230°C and 
the presence of -COOH groups on the rate of oxygen uptake during subsequent 
treatments in air at 230°C.
(d) X-ray diffraction work
High angle X-ray diffraction studies on PAN fibres, for example by
1 /t 82 8Shindo , Johnson et al and Tyson have shown a lack of three-dimensional
crystallinity and an equatorial reflection at a spacing of 0.52 nm due to
the hexagonal packing of the polymer chains. The lack of crystallinity is
due to the atactic arrangement of the n itrile groups. When the fibres were
oxidized another reflection corresponding to a separation of about 0.35 nm 
14 82 8 3was found 5 ’ which became more pronounced during pyrolysis and
developed into the 002 graphite reflection. This suggested the genesis of
a layer structure during the oxidation stage probably associated with the
O
formation of the ladder sequences. Tyson examined PAN fibres heated 
under longitudinal restraint and found a low angle meridional reflection 
that corresponded to a spacing along the fibre of about 8 nm. This peak, 
which occurred whether the fibres were heated in air or in an inert 
atmosphere, became noticeable at 100°C, reached a maximum at about 200°C 
and then disappeared. Tyson suggested that it was caused by chain folding
and that these regions formed nuclei for' the development of a layer *
Re­structure. Fillery and Goodhew later showed that this type of reflection
could be obtained both with and without the application of tension during
heating. They also found that the effect was only temporary on heating at
220°C and that it could not be detected in low diameter fibres, i.e . about
7 pm in diameter. It was therefore suggested that the chain folding only
o c c u r r e d  i n  t h e  u n r e a c t e d  c o r e  o f  t h e  f i b r e s .
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Chemical reactions suggested to occur during the pyrolysis of PAN
fibres must be consistent with the mechanical properties of the fibres,
66 88 and both Watt and Miyamichi et al found that the Young’s modulus of
ooxidized fibres only began to increase after heating to about 400 C. Watt 
also investigated unoxidized fibres carbonized under tension and in this 
case the modulus started to rise after treatment to 500°C. He suggested 
that earlier cross-linking had taken place in the oxidized fibre over the 
range 300-400°C with elimination of water, as follows:—
2 .3 * 2  The p y r o l y s i s  o f  PAN f i b r e s
v >NV XN. /N. 
n r. c
CH CH CH CH/  \  \  /  \  /  \  C C c
-Ik ' Hfe II
[0 I . 21 /'O',1 I « * .1 | V 0 J I
f t  i i  i  III vh2/V H /
\  / C\  / C\  /CH CH CH CH
t i l lcv „c v
^ f e / f e / f e / f eX N XN nN x
N / V \ A /
NH CH CH CH
c c c
11 II II
c c c
CH CH CH CH
+ 3 H20
/ ° v N XN N •
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the modulus of both oxidised and unoxidized samples increased more rapidly , 
69and Watt et al thought this to be associated with the evolution of nitrogen 
due to the joining of ladder polymer runs, thus:-
When p y r o l y s i s  was c o n t i n u e d  a t  h i g h e r  t e m p e r a t u r e s  i n  t h e  r a n g e  6 0 0 - 1 000°C
66
ov Gv cv Cv
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c. c. cv c \
/  V /  V - /,b r  \  > n \ R n \
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c c 0
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He emphasized that the mechanisms proposed were idealized and that the 
reactions were stereo-controlled, only proceeding when the positions of 
the laddered units were favourable. The effect of stereo-chemistry was 
shown by pyrolysis of PAN fibre samples in stages between 300-1000°C. At 
each stage the reactions gradually came to a halt as judged by the 
evolution of gases only to restart when the temperature was raised again. 
This work^ 5’85 showed that HCN was evolved, accounting for 23$ of the 
n itrile  groups present for PAN fibres that had been oxidized, but only 
with unoxidized fibres. The smaller amount of HCN from unoxidized fibres 
was thought to be the result of a higher loss of volatile fragments at
300-400°G due to chain scission. Oxidized fibres are less susceptible to 
this because of the stabilizing’ effect of ladder polymer formation. Thus 
the carbon yield from oxidized PAN fibres is normally about 57$ whereas it
is only 32$ with unoxidized samples .^ Other workers to have studied the
f n  Qr/evolution of HCN inclu.de Miyamichi et al , Ulbricht and Maks chin and
88 89Bromley . Kearsey has also shown that HCN is g'iven off during the
o 87oxidation of PAN fibres at about 220 C. Ulbricht and Makschin proposed
an intramolecular mechanism for the release of HCN involving the formation
of OH groups during oxidation followed by loss of HCN during pyrolysis thus
.  °H 66
C  **.v c =  0 + HCN. Other possibilities discussed by Watt/ \  ✓ e °CN ^
were
H H H HI I  I I— C — C — — **> ~C™ c - + HCNI ICN H
and
X  tiCH
1 cm
1 »V H »"I " CH. ti to
CHto  t iCH
CIIICN
1 CN>
‘ H !
toCH\
0Hoto ti 2\ / CH CHI ICH CHX  ti to 
CH ICN
+ 2 HCN
It is probable that several different mechanisms occur as HCN evolution 
70 88has been shown ’ to pass through two maxima during pyrolysis, at about 
300°C and at 800°C. Recently Watt et ati^  suggested that the low 
temperature peak was from unladdered regions while the high temperature 
peak was due to HCN produced by the linking of adjacent ladder sequences.
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Ammonia was also found to be evolved^4*69»70,88 pyrolysis
90 91although some early workers ’ did not consider it to be a primary
91decomposition product. For example Monahan thought it was formed thus:
hcn + h2o -+• + CO
70However it does seem to be a primary product as Watt and Green have shown 
that it  is formed in larger quantities from unoxidized fibres, particularly 
between 260-300°C, in spite of the fact that more HCN and H„0 are evolved
from oxidized samples. Two mechanisms for the release of NH^ have been 
92suggested by Hay , as follows:~
(l) Aromatization at the end of a ladder run,
CH0 „ CPL\  /  2\  /  \  #  \  /CH CH C C
I I — > I II +C _ Cv .G. CH
N NH N
(2) The linking of adjoining ladder runs,
CH0 CH0 CH0\  /  2\  /  2\  /  2X /CH CH CH CH
I I I iC . Cv C v F
/  ^  7/  \  \N NH NH N
I
CH0 0Ho CH0\  /  2\  /  2\  /  2\  /CH C C CH
I II II I + NH
C. C C C J
/  ^  /  \  /  \  #  \N NH N
However both mechanisms involve ladder polymer sequences that are 
known to be formed to a greater extent in oxidized fibres. Hie reason why 
less NH^  is obtained from oxidized PAN may be that the C =  NH groups
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have been oxidized to C =? NOH or C — N • »= 0 groups, as suggested by 
93McLoughlin
72 73 88 94.A number of investigators ’ 1 ’ have reported that an exothermic
o 92reaction occurs when PAN is heated in the region of 300 C and Hay linked
this sudden temperature rise with the evolution of NH^ . Turner and 
94Johnson however thought it  was due to the cyclization of the n itrile
72groups. Grassie and McGuchan also considered the exotherm to he essentially
the result of ladder formation although they found the extent of the
temperature rise to be very sensitive to the presence of comonomers in the
structure. They concluded that the observed exotherm liras the net result of
the various reactions taking place in this tempera-ture range. Oxidation of
PAN fibres in air at about 220°C has the effect of reducing the heat
evolved at the exotherm. However thermal runaway can also occur during
the oxidation stage if  the fibres are tightly packed and the heating is
6/1done too quickly. This can result in the destruction of the fibres .
Other gases detected during the pyrolysis of oxidized and unoxidised
70PAN fibre by mass spectrometer include H~, CH., CNN, CL hvdrooarbons and27 4 2 b 7 5
nitriles. In addition oxidized fibres evolved CO, CO^  and H^O during
pyrolysis. The CO^ suggests the presence of COOH groups which could have
helped to initiate the cyclization reaction, as postulated by Grassie and 
65Hay . This would explain the larger amount of ladder polymer found in
69oxidized PAN fibres . As mentioned previously the H20 was mainly evolved
in the temperature range 300-400°C when the fibre modulus was beginning to
increase due to cross-linking. Similar1 results were also obtained using
gas chromatography to investigate the pyrolysis of oxidized PAN fibres88
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PAN fibres pyrolyzed after oxidation to temporatures in the range
o 82 95300-1000 C have been examined by Johnson et al ’ using X-ray diffraction
and electron microscopy. As the pyrolysis temperature was raised above
220°C the 0.52 nm X-ray diffraction peak for PAN became broader indicating
more disorder in the structure. This reflection then disappeared but the
layer plane peak at about 0.35 nm became progressively more pronounced with
increasing heat-treatment temperature. These layer planes were preferentially
aligned along the fibre axis. Estimates of crystallite size were made
although this was difficult because of the diffuse nature of the diffraction
peaks. parallel to the fibre axis started to increase above 300°C but
was s till only about 2.4 urn after heating to 800°C. This could be due to
the growth of ladder runs, for example by the second mechanism for NH^
92evolution suggested by Hay . L perpendicular to the fibre axis, on thea
other hand, only began to increase above 600°C which supports Watt’s
69mechanism for the cross-linking of ladder polymer sequences with evolution 
of N0 in this temperature range. The average stack height, L , ascL O
determined by X-ray diffraction did not change much during pyrolysis, being
about 1.3-1©5 nm, but distortion broadening made the values uncertain.
Johnson et al were able to make better estimates by electron microscopy,
having improved their electron beam coherence so that the incipient layer
planes could be resolved directly. This indicated that Lc increased
from about 1.3 to 2.1 nm on raising the heat-treatment temperature from
320 to 800°C. A number of other workers have used X-ray diffraction to
14 83investigate the pyrolysis of PAN fibres including Shindo . Tyson ~ and
67 55Miyamichi et al . The work of Spencer et al on changes in porosity
during carbonization has already been mentioned in Section 2.2.5©
2 . 3 . 3  C hanges  i n  s t r u c t u r e  d u r i n g  p y r o l y s i s
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Recently Thorne has demonstrated pleochroism in acrylic fibres 
thermally treated in the range 200-300°C in an inert atmosphere. By 
estimating the absorption of plane polarized light with the fibre first 
perpendicular and then parallel to the plane of polarization he showed that 
the generation of the chromophore, i.e . the cause of the colour change to 
red-brown, was directly related to the cyclization of the nitrile groups.
He also found that fibre that had been heated for 1h at 240°C in an inert 
atmosphere blackened very rapidly when subsequently oxidized in air at 
220°C.
2.4 Carbon fibre strengths
2.4*1 The theoretical strengths of materials 
97Orowan' derived the following expression for the maximum stress
(cr ) necessary to cleave an ideal crystal at 0°K, by equating the work, max
done by the applierf force to the energy required to create the new surface
I Fao
where E = Young’s modulus
X = Surface energy
and aQ = Equilibrium atomic spacing.
The above relation was obtained assuming a linear variation of stress with
atomic separation up to fracture. When this was replaced by a sine function
a lower value was obtained for cr as followsmax
cr = [ Wmax / a
V o
A difficulty with this approach is that, although the modulus and
the interatomic spacing can be measured accurately, the values for the
98surface energy are often uncertain. Cottrell later estimated that 
interatomic bonds would be broken when the strain was about 10$ so that
96
In practice however such high elastic strains have not been obtained
because of structural imperfections, although some whiskers and fibres have
been found to break at more than 2$ strain, see Table 3* The values
included for glass fibre were obtained immediately after drawing since
99these fibres are very susceptible to surface damage. Griffith ' was the 
first to show that high strength glass fibres could be made if  care was
taken to avoid the introduction of flaws. He also derived the now famous
Griffith brittle fracture criterion to explain why brittle materials failed 
at comparatively low stresses because of small cracks. By equating the 
change in the stored elastic energy with the work necessary to increase 
the area of the crack he obtained an expression for the stress needed to 
cause fracture (cr) as follows:
c r  t t
where E = Young’s modulus
Y = Surface energy 
and c = the length of a surface crack or half the length of an
internal crack.
Comparison of this equation with Orowan*s relation for cr indicatesn max
that cracks as small as a few micrometres w ill reduce the strength by a 
factor of about 1'00, Two difficulties that frequently occur when using the 
Griffith equation concern the selection of the appropriate crack length 
for irregular flaws and the reliab ility of the surface energy term. For 
a number of apparently brittle materials the use of the equation has given 
high values for the surface energy and this is usually considered to be due 
to plastic deformation at the tips of the cracks. Studies of this type 
have been reviewed recently by Ke l l ywho also outlined the considerable 
amount of work that has been done on the analysis of stress distributions 
around cracks and notches of various shapes.
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Material
Tensile strength 
GN/m2 Breaking strain
Graphite whisker 24.0 0.024
Alumina whisker 15.0 0.028
Iron whisker . 13.0 0.044
Glass fibre 3.6 0.035
Drawn high 
carbon steel 
wire
4*2 0.020
Table 3
Tensile strengths and breaking strains of some
98whiskers and fibres
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In the case of graphite strong covalent bonds are present but only 
within the layer planes so that strength like Young’s modulus is very 
sensitive to the direction of loading. Thus carbon fibres need a high 
degree of preferred orientation for high strength and an explanation is 
needed as to why the tensile strength is usually found to be a maximum^ 
after heat-treatment to 1200-1500°C whereas the modulus continues the rise 
with heat-treatment temperature. Current high modulus carbon fibres have 
an average breaking strain of about 0.5$ so there is s t ill considerable 
scope for strength improvements.
2.4*2 The effect',of gauge length on strength
A common gauge length used for tensile tests on individual high
F  modulus carbon fibres i 1/ 5 cm, this being a convenient length that enables
sufficiently accurate determinations of Young’s modulus to be made.
101Moreton however has shown that the average strength of a batch of fibre
increases as the length tested is reduced, see Table 4 and Fig.9* For
example with fibres heat-treated to 2500°C the average strength was raised 
2 2from 2.07 GN/m to 2.75 GN/m , a 33$ increase, by changing the gauge length
from 5*0 cm to 0.5 cm. Strength gauge length effects, which have also been
20 102 103found in cellulose-based carbon fibres and in other types of fibre ' ’
indicate that strength-reducing flaws are scattered at random along the
lengths. The fact that Moreton found similar variations of strength with
length for fibres heat-treated to different temperatures showed that the
distribution of flaws had not been changed by raising the heat-treatment
temperature, Fig.9« The extrapolations shown indicate that 1 mm lengths
might be expected to have average strengths of about 3*7 and 3*3 GN/m
after heat-treatments to 1500 and 2500°C respectively. Such strengths
w o u ld  c o r r e s p o n d  w i t h  b r e a k i n g  s t r a i n s  o f  1 .6 $  a n d  0 .9 $ «
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Temperature 
of heat 
treatment
<°c)
Gauge
length
(cm)
Average* 
tensile strength
(GN/m2)
Standard 
deviation of 
strengths
(GN/m2)
Coefficient_ .O01
variation
($)
0.5 2.01 0.45 22
1000 5.0 1*47 0.37 25
10.0 1*24 0.28 23
0.5 3*10 O.67 22
1500 5*0 2.38 0.50 21
10.0 2.13 0*5'0 23
0.5 2.7 6 O.64 23
2500 5*0 2.07 0.58 28
10.0 1 .,83 0.38 21
0.5 2.28 0.59 26
3000 5*0 1*47 0,48 33
10.0 1.41 0*53 38
* 50 tests
Table 4
Effect of gauge length and heal treatment temperature on the
101average tensile strengths of carbon fibres
than 3$ to be induced into very short lengths of carbon fibre. This
•i 04. 105elastica method , used hy Jones and Johnson for PAN-based fibre and
106by Williams et al for cellulose-based fibre, involves progressive 
reductions in loops of fibre held between two microscope slides. A photo­
micrograph taken at each stage records the dimensions of the loop and thus 
allows the strain in the outer surface of the fibre at the head of the 
loop to be calculated. Elastic strains of more than 3$ were obtained with 
PAN-based carbon fibres heat-treated to 1000°C indicating that the intrinsic 
strength of these fibres was in the region of 7 GN/m . The shape of the 
loops showed that the Young’s modulus was not affected by the amount of 
strain. This was not the case for fibres heat-treated to above 1500-1600°G 
however as here the modulus appeared to decrease with strain above about 
0.6$. Jones and Johnson thought this was due to structural failure in the 
fibre in the compressive regionjhaving examined loops of fibre in the 
scanning electron microscope. A similar effect was found with cellulose- 
based fibre although the explanation put forward by Williams et al^°5 
involved the rupturing of bonds crosslinking adjacent fib rils to cause a 
change in the fibre cross-section.
2.4*3 The effect of fib_re_diameter on strength.
Two groups of investigators, De Lamotte et a /07’ 0^8 and Jones and
109 110Duncan 1 , have reported that individual strength and modulus values
for PAN-based carbon fibres are dependent on their diameters. Both groups 
found that the effect was more pronounced after heat-treatments to higher 
temperatures and explained this as being due to the development of a 
sheath-core type of structure in the larger 'diameter fibres. The diameters 
quoted in these papers were mainly within the range 7-11 pm. Previous work 
RAE and elsewhere however had already shown that incomplete oxidation prior
The a p p l i c a t i o n  o f  l o o p  t e s t s  h a s  e n a b l e d  e l a s t i c  s t r a i n s  o f  more
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to carbonizing resulted in cored carbon fibres with inferior properties ’
and also that fibres that had been correctly oxidized before carbonizing
112gave very little  correlation between strength and diameter . This can be 
seen from Fig.10, a strength-diameter plot for a sample of carbon fibre
O 9kheat-treated to 2500 C . It seems likely therefore that both De Lamotte 
et al and Jones and Duncan had been using carbon fibres obtained from 
inadequately oxidized PAN fibres.
2.4*4 Flaws in carbon f i b re s  
4Johnson examined the fracture surfaces of PAN-based carbon fibres 
with a scanning electron microscope (SBKt) and showed that tensile failures 
were caused by both internal and surface flaws. He concentrated on fibres 
heat-treated to temperatures between 1000-1300°C as in this range the 
flaws were easier to locate. This was because they were usually surrounded 
by a relatively smooth area on the fracture surface which became progressively 
rougher away from the point of initiation. Fibres heat-treated to higher ' 
temperatures tended to have fracture surfaces that were more uniformly 
fibrous, Johnson found a decrease in average strength after high 
temperature heal-treatments as had been reported by Moreton et al" although 
in his study the strength maximum occurred at 1200°C instead of 1500-1600°C. 
Although he could not explain the reduction in strength he was the first to 
suggest that inclusions in the PAN preciirsor fibre were a major cause of
gflaws in carbon fibres. Subsequently Johnson and Thorne reported that the
average strength of a batch of fibres carbonized to 1000°C had been
2 2increased from 1.24 GN/m to 2.21 GN/m by etching the fibres to remove or 
blunt surface flaws. However this was only achieved when the fibres were 
treated individually. A gauge length of 2.3 cm was used for their tests.
64 111
* D a ta  o b t a i n e d  i n  c o n n e c t i o n  w i t h  R e f . 101 .
42
Two types of etching treatment were found to give similar strength increases
(1) argon ion bombardment at reduced pressure and (2) air oxidation at
450°C. Examinations of the fractured fibres with the SEM confirmed that
more of the etched carbon fibres had broken because of internal flaws, and
this was related to impurity counts made on the PAN precursor fibre.
113Thorne prepared carbon fibres from a number of acrylic fibres with
different flaw concentrations and concluded that the fibres should be
heat-treated to a common value of Young’s modulus if  they were to be
assessed on the basis of carbon fibre strength. He also used optical
114microscopy to study the flaws present in the PAN precursors , examining 
them immersed in cedar oil with transmitted polarized light at magnifications 
of X200-2000. Internal flaws, which were either inclusions or voids, were 
usually found to have a Poisson distribution, i.e . the probabilities of
selected lengths of fibre containing 0, 1, 2 ...... flaws corresponded to
successive terms in the following series:-
e-M 1 + z + | !  + fr3;  - 1
where "z = f /' x
with f = the length examined
and x = average flaw separation.
The number of flaws present in the fibres varied considerably and
concentrations ranged between 0.3 and 23/cm. In some of the samples fibres
were found to contain continuously flawed lengths and in these cases the
Poisson distribution was not applicable. Thorne therefore developed an
alternative empirical method of estimating the probability of selecting
unflawed lengths. The basis of this method was that when the length
between 2 flaws was f and the gauge length was L then the effective
S
range for choosing unflawed gauge lengths was  ^ - L . Hence the proportion
&
of the' fibre which could give unflawed gauge lengths p was given by
P the probability of obtaining an unflawed length:—
1 1 L1 - N1 LgP = _ _ _ «
*jwhere L = total length of a ll flaw-free lengths (•£ > L )
&
N = total number of flaw-free lengths (-C > L )
S
L = total length of fibre examined.
Having developed these two methods for estimating the probabilities of
115choosing unflawed lengths of fibre Thorne went on to predict the effect
of gauge length on carbon fibre strengths. He took the strength obtained
105with the elastica loop test as the strength of unflawed lengths and 
assumed that flawed lengths had a third of this strength. Although one 
batch of fibre gave good agreement with measured strength—length data, for 
two other samples the agreement was less than satisfactory. ’ This is not 
surprising however in view of the different types of inclusion that could 
be present in the PAN fibres. Some impurities w ill obviously have more 
effect on carbon fibre strengths than others.
116Sharp and Burney used high voltage electron microscopy to examine
carbon fibres directly and confirmed that inclusions and voids were present
in the fibres. They found that fibres heat-treated to temperatures above
about 1800°C contained bubble defects which they suggested w ere the result
of the volatilization of inclusions. At these high temperatures the gas
could not escape from the fibres and thus formed bubbles, sometimes causing
localized swelling due to plastic deformation. It was therefore concluded
that these bubble defects were the reason for the decrease in strength
after heat-treatments to high temperatures. • SEM work on fracture surfaces
117in this laboratory also showed that voids were more common in fibres 
after raising the heat-treatment temperature from 1500 to 2500°C.
D ev e lo p m en t  o f  t h i s  a rg u m e n t  t h e n  gave- t h e  f o l l o w i n g  e q u a t i o n  f o r
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*1 *16 'equation to the strength of carbon fibres. Sharp and Burnay found that i
the bubble defects were larger than the critical crack length predicted by ti12 -2 !the Griffith equation assuming a calculated surface energy of 4*2 Jm j
This led them to suggest that fractures started at small cracks within the
118graphitic walls of the bubble defects. Whitney and Kimmel on the other
hand used the largest dimensions of defects seen on fracture surfaces with
the SEM to obtain high values for the apparent surface energy, ranging 
-2between 14-55 Jm for different batches of fibre. They concluded that 
plastic deformation must be taking place at the fracture with the cracks 
being deflected parallel to the fibre axis.
rEvidence supporting the suggestion that fractures are initiated at
graphitic regions associated with impurities has been reported by 
119Coyle et al . They found that surface impurities containing iron and
silicon catalyzed the formation of three dimensional graphite and hence
120reduced carbon fibre strengths. Similarly Wicks concluded that trace 
impurities within carbon fibres led to the formation of graphitic platelets 
and thus caused a reduction in fibre strength. He Imd examined carbon 
fibres thinned by flame polishing for electron microscopy.
2.4*5 Effect of neutron irradiation on strength
121 122 ICooper et al * were the first to report that neutron irradiation
could increase the tensile strengths and Young’s moduli of carbon fibres,
17 '2They found that an irradiation dose of 2.2 x 10 neutrons/cm , estimated to
displace only 1 atom in 104, raised the tensile strength of one batch from
P • P1.71 'to 1.79 GN/m and another from 2.67 "to 3*00 GN/m . The moduli of these
P Psamples increased from 358 to 396 GN/m and from 256 to 284 GN/m
123respectively. In a subsequent paper Cooper and Mayer put forward an
Two a t t e m p t s  h a v e  b e e n  made t o  a p p l y  t h e  G r i f f i t h  b r i t t l e  f r a c t u r e  j
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crystallites leading to stress concentrations and ultimately failure cracks.
They suggested that shear involved the movement of dislocations and that
neutron irradiation served to pin these dislocations resulting in higher
stresses being required for fracture. The conclusion reached was that a
Hall-Petch relationship was applicable to carbon fibres, with strength
being inversely proportional to the square root of the crystallite size
(L ) measured along the length of the fibres. Since L increased with a a
29the temperature of heat-treatment this offered an alternative explanation
*1 *1 ^to that proposed by Sharp and Burnay for the decrease in strength after
121-123high temperature heat-treatments. Cooper et al also found that
carbon fibres doped with small amounts of boron, less than 1$, had higher
— /Young’s moduli. In this case however no significant changes in strength
were noted and the effect was put down to boron promoting the formation of
three dimensional graphite crystallites. This needs to be distinguished
124.from the effect of nickel however which has been shown to promote 
recrystallisation of carbon fibres on heating to 1100°C thus causing a 
drastic reduction in tensile strength.
e x p l a n a t i o n  f o r  t h e i r  o b s e r v a t i o n s  b a s e d  o n . s h e a r  t a k i n g  p l a c e  w i t h i n  t h e
125 126Jones and. Peggs 1 also examined the effect of neutron irradiation
1 25on carbon fibre strengths. In itia lly  they reported that a dose of
20 * * 2 o4.8 x 10 neutrons/cm at 420 C reduced the strength of high modulus
fibres (E = 328 GN/rti) from 1.73 GN/nti to 1.42 GN/mti A similar reduction
17 2 owas also obtained after exposure to 2 x 10 neutrons/cm at 500 C.
Neutrons with energies >1 MeV were used in these experiments. Subsequently 
however they found that neutrons with lower energies (> 0.l8 MeV) caused
pincreases in the strengths of intermediate modulus fibres (E = 215 GN/m')
when the irradiations were done at 420, 550 and 665°C. The most substantial
20 2 oincrease was after exposure to 6.6 x 10 ' neutrons/cm at 550 C which raised
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2 2the strength from 2.86 GN/m' to 4*04 GN/m . This is a high average strength
even when allowance is made for the fact that a short (l cm) gauge length
was used. Unfortunately the results were complicated to some extent by a
strength decrease of 22$ that was caused by irradiation at 500°C. Jones 
126and Pegg attributed the strength decrease to irradiation cracking or void 
formation, and thought the increases in strength were associated with an 
"apparent recrystallisation process" since the samples with the highest 
strengths also had the highest densities.
2.5 The spinning of PAN fibres
2.5*1 Introduction
Although it had been known for some time that acrylonitrile could 
readily be polymerized to give high molecular weight polymer the development 
of PAN fibres was delayed until the early 1940s by a lack of suitable 
solvents. Melt spinning could not be used as the polymer degraded below 
its melting point, estimated"'27 to be about 326°C. Eventually however it 
was discovered that the polymer was soluble in a number of polar organic 
solvents (e.g. dimethyl formamide, dimethyl sulphoxide) in some aqueous 
salt solutions (e.g. NaSCN, ZnCl^ ) and in concentrated acids (UNO ^ , H930 )^. 
Polar solvents were necessary to break down the strong hydrogen bonding j
arising because of the presence of the nitrile groups and papers dealing
' • 128 with this have been reviewed by Beevers . Once suitable solvents were
known, methods of forming the polymer into fibre by coagulation in a non­
solvent (wet--spinning) or by solvent evaporation (dry-spinning) were
129developed, and a recent review of acrylic fibres in commercial production 
reported that more than 50 fibre plants were being operated in 21 countries. 
This rapid growth has been due to the excellent mechanical properties and 
wear resistance of the fibres, and also because heat shrinkage of the fibres 
allows high-bulk blended yarns to be produced. Adequate dyeability in PAN
■
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fibres is achieved by adding a comonomer such as methyl acrylate which 
also acts as a plasticizer by introducing structural irregularities, 
reducing the glass transition temperature 2^0 from .100°C to about 80°C.
The fibres can thus be hot stretched more easily in steam at 100°C to
increase strength by aligning the long chain molecules along the fibre
. 7axis .
The first high modulus carbon fibres made from PAN fibres by 
1-3Watt et al were derived from a type of Courtelle* fibre. Little
information has been published on the spinning of this fibre although it 
130 131has been reported ’ that the solvent is 51 wt $ aqueous sodium 
thiocyanate (NaSCN), the coagulant is about 10$ aqueous NaSCN and the 
spinning solution contains 10-15$ of the polymer.
2.5*2 Spinning variables
The main variables having a bearing on fibre spinning are as 
follows:-
(a) The molecular weight of the polymer
7The molecular weight of a polymer needs to be at least 10,000' if  it 
is to be spun into a satisfactory fibre and in commercial practice it  is
usually in the range 20,000-200,000. Spinning difficulties are encountered
with very high molecular weights as the polymer is then difficult to 
dissolve and the spinning solution has a high viscosity making it  difficult 
to maintain a smooth flow through the spinneret holes. As it  is 
advantageous to operate with a high polymer concentration (see next section)
the molecular weight is normally chosen so that the spinning solution has
2 130 131a suitable viscosity, ~10 poise, with a polymer content of 10-30$
* Supplied by Couriaulds Ltd., Coventry,
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(BMP) are often used to estimate molecular weights, a technique that has
132 128been reviewed recently by Mark, Atlas and Cernia and by Beevers
128Other methods of assessing molecular weights include osmometry, light 
scattering, sedimentation and gel permeation chromatography.
(b) The spinning solution concentration
133Knudsen examined the effects of spinning conditions on the 
properties of PAN fibres spun from dimethylacetamide using freeze-drying to 
preserve the original structure of his samples. Immediately after 
coagulation the fibres''consisted of an open network of chain aggregates
termed fib rils which were pulled together and aligned along the fibre axis
/
by subsequent stretching treatments. He found that it was beneficial to 
operate at a high spinning-solution concentration as this resulted in less 
porosity and hence better mechanical properties. Both molecular weight and
the concentration of polymer influence viscosity and. a number of workers,
134 135for example Tzentis “r and Hayahara et al , have studied the rheological
properties of PAN spinning solutions. This is an important factor in
commercial fibre spinning when fibres with good mechanical properties are
required at a high rate of production.
(c) The rate of coagulation
When a spinning solution enters a coagulating medium the polymer is
precipitated as coagulant diffuses inwards and the solvent moves outwards.
28 133Knudsen and co-workers 1 investigated the effect of coagulation rate on 
fibre properties by varying the amount of coagulant in the bath and by 
spinning at different bath temperatures. They concluded that a slow rate 
of coagulation was beneficial in that it  resulted in a more compact 
fib rilla r structure and also a reduction in the number of large pores in
V i s c o s i t y  m e a s u r e m e n ts  on d i l u t e  s o l u t i o n s  o f  PAN i n  d im e th y l f o r m a m id e
49
the fibre. They also found that for fibres spun from dimethyl acetamide
high bath temperatures, 50-70°C, gave circular cross-sections whereas
fibres spun at 10~30°C had bean-shaped cross-sections. They suggested that
at the lower temperatures the coagulant was diffusing inwards more slowly
than the solvent was diffusing outwards causing the outer skin to collapse
as a result of the net reduction in volume. Bell and Dumfileton , in a
similar study using dimethyl acetamide as solvent, found that fibres spun
at low temperature, 3°0, Bad better tensile strengths and in itia l Young’s
moduli than fibres spun at higher temperatures. However they noticed that
filament breakage during spinning was more of a problem at low coagulation
temperatures. Their observations on the cross-sectional shapes were similar
28 18?to those of Knudsen et al *
PAN fibres spun using aqueous NaSCN as solvent differ from those
obtained with organic solvents in that the shape of the cross-section is
much less sensitive to the coagulation conditions. For example round
1 87fibres have been produced in this laboratory ' '  when the coagulant was 
water or 10$ aqueous NaSCN at room temperature, or when 10$ NaSCN was used 
at temperatures ranging between 0~40°C. It has also been reported"*'8 that 
fibres prepared from NaSCN solutions are less likely to contain the gross 
porosity that can occur when using organic solvents.
139A number of papers have been published, notably by Paul and 
140Rende , describing theoretical models for the coagulation process,
relating the diffusion rates of coagulant and solvent to the time required
for complete coagulation. Other factors that have a bearing on the time
needed for coagulation include the diameter of the spinneret holes and the
141amount of stretch applied during coagulation. Some Russian workers , 
in an experimental approach, estimated coagulation time using a microscopic
50
method. In one example they found a 100 pm .fibre spun from a NaSCN 
solution to be completely coagulated by 10$ aqueous NaSCN in about 4-5 
seconds.
(d) The amount of stretch
For PAN fibres to have useful meohanical properties it  is essential
that they are given a hot—stretching treatment to align the long chain
7molecules along the fibre axis . Thus, increasing the amount of stretch
raises the strength and the in itia l modulus of the fibres while the
142extension to break is reduced . Hot stretching is usually done by
passing the fibres through a steam tube at 100°C. The improvements in
preferred orientation due to increased stretch have also been studied by 
82 143 144X-ray diffraction 1 5 and by examining the birefringence of the
1 4 2fibres . The X-ray diffraction pattern shows only equatorial reflections 
due to the lateral ordering of the molecular chains. The main reflection 
at about 0.52 nm corresponds to hexagonal packing with a chain separation 
of about 0.6 nm. No evidence of three dimensional crystallinity has been 
found, this being due to the atactic distribution of the n itrile groups 
along the chains.
Stretching to improve the molecular alignment can also be done
earlier in the process, for example at the spinneret holes during 
145coagulation , or in a subsequent low temperature bath containing some 
so lventH ow ever it  is only when the temperature is above the glass 
transition temperature that large stretch ratios (> X10) are possible.
Although it is convenient to hot-stretch in steam at 100°0 a number
1 A f  1 / 1 7of workers ’ have shown that the use of higher temperatures can lead
147to fibres of higher strengths. For example Ohe et al increased the
51
maximum stretch ratio they could maintain from X10 to X14 by changing from 
steam at 100°C to a glycerol stretch bath held at 130°C. This raised the 
fibre strength from 0.41 GN/m2 to 0.57 GN/m2.
A A QLow angle X-ray scattering has been used by Station to examine the 
fine porosity of dry-spun PAN fibres stretched X8 in steam at 100°C and 
X8 at 120°C over a heated pin. He found that the steam stretched fibres 
had more porosity which he attributed to the water preventing the collapse 
of the fibre structure during the drawing treatment.
(p) Drying treatments
Drying causes the fib rilla r network of the stretched PAN fibre to
28 133 "136 148'collapse into a much more compact final structure ’ ~ ’ 1 . This
collapse has been shown to be more complete when the fibres are heated 
149 150during drying . The changes that take place have been examined by
28 133 149 150 151means of measurements of density 1 1 , diameter , surface
28,138 n n v * . 148 , . , , . 28.133area 1 , low angle X-ray scattering and by electron microscopy 5
If  the fibres are unrestrained shrinkage w ill occur and in practice this is
either permitted or prevented depending mainly on the thermal stability and
breaking strain required in the final product. Dumbleton and Bell^^’^ 0
considered the collapse to involve the retraction of stretched molecules
into a helical conformation and also the rupturing and reforming of fib ril
*1 38junctions. Semenov et al on the other hand thought the main factor 
causing shrinkage stress was the surface tension forces that have to be 
overcome as water is removed from the narrow pores in the fibre. They had 
investigated the removal of a number of different liquids from freshly 
spun fibre and had found shrinkage stress to be directly proportional to 
surface tension. They also reported that PAN fibres spun from aqueous 
NaSCN solutions had less porosity than fibres spun from DMF solutions.
52
drying of fibres at temperatures between 70-120°C using diameter measurements.
They found evidence that collapse was more complete when some water was
present in the atmosphere and concluded that too rapid a rate of removal
fixed the outer regions of the fibre thus preventing further collapse during
152the later stages of drying. More recently Sotton and Vialard have 
developed a hydrogen sulphide - dilute silver nitrate staining technique 
to examine the structure of PAN fibres. They reported that the fibres 
contained cracks particularly near the outer surfaces which could have been 
associated with the removal of solvent and/or water during the final 
spinning stages.
151 ■T ak ed a  a n d  N u k u s h in a  h a v e  s t u d i e d  t h e  e f f e c t  o f  h u m i d i t y  on t h e
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Fig.1 The graphite crystal structure
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Fig.5 Schematic representation of the model proposed for the 
structure of carbon fibres by Ruland e t  a l . ™
Fig.6 Schematic model for the structure of high modulus carbon 
fibre, Crawford and J o h n s o n 3 4
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a Transversely isotropic structure
b Onion skin structure
c Radial-circumferential structure
Fig.7 a - e Diagrams showing possible distributions of the 
crystallites in carbon fibre cross-sections
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The in itia l objective of this study was to investigate the effects 
of different spinning conditions on the Young’s moduli and the tensile 
strengths of PAN fibres and the carbon fibres derived from them. As the 
work proceeded it became increasingly clear that improvements in carbon 
fibre strengths would be more beneficial than higher Young’s moduli since
6this would result in higher breaking strains and hence tougher composites 
The investigation therefore had two main aspects as follows:-
(a) The conditions used to hot-stretch PAN fibres during spinning were 
varied to obtain samples with different mechanical properties for 
conversion to carbon fibres. Thus the relations between the tensile 
strengths and the Young’s moduli of the PAN fibres and. the resultant 
carbon fibres were explored.
(b) The effects of impurity particles in the PAN precursor fibres on the 
strengths of carbon fibres were investigated. This involved the 
spinning of PAN fibres under clean room conditions for conversion to 
carbon fibre and an assessment of the importance of different types 
of impurity. Clean PAN fibres were spun using different hot-stretch 
conditions, as before, to establish the optimum spinning conditions 
for the production of high strength carbon fibres.
Some experiments were also done in which PAN copolymers containing 
comonomers designed to promote cross-linking during pyrolysis were spun 
and evaluated as carbon fibre precursors. This work, and its objective, 
is described in Appendix A.
3  OB J E C T IV E S
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4. 1 The spinning apparatus
Pig.11 is a diagram of the spinning apparatus. Argon pressure was
used to extrude the PAN spinning solutions from a stainless steel reservoir,
height 17 cm inside diameter 1.3 cm, through a stainless steel spinneret
into a coagulating hath containing 10$ aqueous NaSCN. This coagulant was
131 147adopted after reviewing published information ’ on the spinning of PAN 
fibres and after preliminary trials using water, 10$ NaSCN and 20$ NaSCN. 
After coagulation the fibre was moved by glass rollers 5 cm in diameter 
into a wash bath containing distilled water at 50°C. For the first series 
of experiments the coagulation and wash baths consisted of metal-framed
glass tanks 60 cm x 30 cm x 30 cm. These were later replaced by shallow
✓stainless steel tanks 12.5 cm wide and 7*5 cm deep, the coagulant bath then 
being 110 cm in length and the wash bath 55 cm in length. These tanks 
had to be coated with high density polythene to prevent corrosion due to the 
aqueous NaSCN coagulant. When the fibre had been washed it was hot- 
stretched in steam at 100°C as it  passed through a sbainless steel tube, 
with a removable top, of length 60 cm. A baffle was fitted at the bottom 
of this tube to prevent the steam buffeting the fibre. In some experiments 
the steam tube was replaced by a stainless steel bath 55 cm in length 
containing hot glycerol so that stretching temperatures above 100°C could 
be used. The distance between the stretching rollers in the glycerol bath 
was 30 cm. Finally the fibre was passed through a second wash bath 
containing distilled water at 30°C and collected on silica glass frames.
The length of the frames was normally 17 cm although experiments were also 
done using short 10 cm frames. A traversing device with a glass guide was 
used to spread the samples of fibre evenly over a width of about 1 cm on 
the c-ollecting frames.
4  E X P E R IM E N T A L
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The holes in the spinneret discs were did.lied by Engelhard Industries 
Ltd, Surrey. The discs were 0.47 mm in thickness and to facilitate drilling 
the holes were tapered from the back face as shown in Pig.12(a). The 
angle of taper was 20° and the length/diameter ratio of the parallel section 
was about 2. The holes in the 5 hole spinnerets had their centres equally 
spaced on a circle of diameter 5 mm as in Pig.12(b). The hole diameters 
used ranged between 75 and 125 pm.
A second spinning apparatus was built for the clean room experiments 
and some small modifications were made at this stage to prevent contamination 
of the fibres as much as possible during spinning. The same changes were 
made to the original apparatus so that control experiments could be done 
under normal laboratory conditions with an identical apparatus. These 
changes w ill be described in the next section.
4.2 The clean room
A bank of five laminar-flow air filtering units was installed along 
the entire length of the clean room to give a clean environment over a 
bench area of 0.5 x 5 m. The dimensions of the room were 5 x 2.5 m with a 
ceiling height of about 4 m. Pour of the units provided 0.5 m/s laminar 
flows of clean air directed horizontally towards the operators so that 
impurities generated by them were carried away from the clean working area; 
the fifth  central unit provided a downward flow and was fitted underneath 
with an extraction duct to remove the steam or glycerol fumes from the 
fibre hot-stretching stage of the spinning process. The air extracted was 
replaced by means of a constant temperature and humidity air-conditioning 
plant drawing air from outside the building1 To prevent dirt getting into 
the clean room entry was made via an ante-room and the operators wore nylon 
laboratory coats and overshoes.
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these showed that the installed filters did provide the specified Class 100
clean room conditions* in the working region, that is less than 100
particles/ft (~10 /m ) at 0.5 pm and above, with none greater than 
1535 pm . To achieve these conditions laminar air flows from the filters
are essential to sweep away the impuritiesj turbulent flows in contrast
tend to disperse impurities from localized sources to other regions. The
air filters used, supplied by Microflow Ltd, provided the best clean air
conditions currently attainable within the working area. Particle counts
made near the first spinning apparatus on the other hand showed the laboratory
7 ^air to contain approximately 10 particles/m at 0.5 pm and above so the 
reduction obtained by moving to the clean room was at least four orders of 
magnitude. On the other side of the clean room away from the bank of air 
filters however the particle count was~10^ /m^ , a fact that had to be borne 
in mind when planning the experiments.
The spinning apparatus is shown in front of the air filters in Fig .13.
As the filtered air moved towards the operators, the electric motors and 
gearboxes used to drive the rollers were moved to the front so that any 
dust from the moving parts would be carried away from the fibre. Similarly 
the supports for the axles of the rollers were repositioned so that they
9
were outside the sides of the tanks. Silica sheathed immersion heaters 
were also substituted for the metal heaters previously used as they were 
more easily cleaned between experiments. It was necessary to stir the 
hot glycerol to avoid a temperature gradient and this was done with two 
stainless steel stirrers driven by a motor in front of the bath near the 
operators. When the hot-stretching was being done in steam, three flasks 
containing filtered distilled water were heated electrically below bench I
level to provide the supply. I
* US Federal Standard 209A which is widely used in the UK.
C hecks w ere  made u s i n g  a  Royco l i g h t - s c a t t e r i n g  p a r t i c l e  c o u n t e r  a n d
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4*3*1 Preparation of spinning solutions
The PAN polymers were added slowly to the 50 wt $ aqueous NaSCN 
solvent at room temperature with continuous mechanical stirring. The 
mixtures were then heated to about 95°C over a period of about g-h with 
further stirring to dissolve the polymer. As dissolution took place the 
viscosity increased and clear pale yellow solutions were obtained. In the 
clean room experiments this was done in the clean working area. Usually 
solutions containing 13-14$ of polymer were made, this being the maximum 
amount that could be dissolved in the solvent (see Section 2.5*2(b)).
The spinning solutions were then filtered. In the first experiment a 
fritted glass filte r was used but this was unsatisfactory. It was therefore 
replaced by a 1.5 pm disc filte r* held inside a high pressure stainless 
steel holder. At a filtration temperature of 70-90°C a pressure of about 
700 KN/m was required, applied by means of a cylinder of argon gas. Finer 
filters could not be used because of the very high viscosities involved; 
typically the solutions had a room temperature viscosity ~25 Ns/m 
(250 Poise). After filtering, the spinning solutions invariably contained 
small bubbles of air which were removed by warming to about 60°C and then 
centrifuging at approximately 4000 rev/min.
Details of the polymers used to spin samples of PAN fibre are given 
in Table 5*
4 - 3  O p e r a t i n g  p r o c e d u r e s
4*3*2 Filtration of spinning liquids
For expeaUments in the clean room both the 10$ aqueous NaSCN coagulant 
and the distilled water used for the wash baths and the steam generators 
were filtered through 0.25 pm filters before each sample was spun. When
* "Solvinert" filters were used supplied by Millipore (UK) Ltd, London; 
this firm also supplied the filte r holders.
6 8 . . .
Polymer Comonomers Weight average molecular weight* Source
A 6$ methyl ’ 
acrylate
1$ acidic dye 
site addition
33000 Fibre obtained from 
Courtaulds Ltd., 
Coventry.
B 5$ methyl 
acrylate
123000 Powder obtained from 
Badisehe Anilan and 
Soda Fabrik, Germany
C &fo methyl 
acrylate
136000 Powder obtained from 
DuPont Co (UK) Ltd., 
Northern Ireland.
* Molecular weight determinations were done by Waters Associates Ltd., 
Stockport, using gel permeation chromatography.
Table 5
Details of the polymers used to spin the samples of PAN fibre»uaietf^ L-Tn t»»> c li i ............  ...... <.miii+ca<aM«CT«— m t a  i»ni«iin.rrMiii r i m w  r«fiiniiW.Hi
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glycerol was to be used, for hot-stretching this was also filtered although 
in this case a 1fS,5 pm filte r had to be used because of the higher viscosity.
The water or glycerol to be filtered was held in a 4 litre  stainless
steel pressure vessel, with argon pressure being used to pass the liquids
through the filte r. Since aqueous NaSCN would have corroded this vessel, 
the coagulant was filtered using a peristaltic pump to drive the liquid 
along a length of PVC tubing connecting a glass reservoir to the filte r.
The spinning apparatus was thoroughly cleaned before each sample was span 
with the air filters running continuously throughout the whole experiment.
4.3.3 Nozzle calibration and speed control
Before collecting a sample of fibre, the pressure being applied to
the spinning solution was adjusted so that the fibre was being extruded
from the spinneret at a suitable speed, usually 0.30 m/min. Thus the fibre 
was taken through the coagulation bath and the speed of the first roller 
wag set as reqxiired. The argon pressure was then increased or decreased 
until the rate of extrusion matched that of collection 011 the roller, with 
the fibre hanging in a shallow loop as it moved through the bath. The 
speed of the rollers was then increased to stretch the fibre either X2 or 
X3 so that the final diameter, after subsequent hot stretching, was in the 
region of 12-15 pm. Variable voltage DC motors with gearboxes were used to 
drive the rollers so that speeds could easily be adjusted. The first five 
rollers were linked to one voltage control and the last three to a second 
control so that the amount of hot stretch could be varied (see Fig.11).
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4•4 Details of individual experiments
4*4*1 Effect of steam stretch ratio
In a preliminary series of experiments samples of fibre were stretched 
by various amounts ranging between X5 and X13* The fibres were spun from 
an 8$ solution obtained by dissolving commercial PAN fibres of the type 
normally used to produce high modulus carbon fibres in the UK*. The 
polymer referred to here as polymer A, contained two comonomers, 6$ methyl 
acrylate and 1$ of an acidic dye site addition. It had a weight average 
molecular weight of about 33000, see Table 5* The conditions used to spin 
the fibres were as follows:-
: 8 wt $ polymer A in 50 wt $ aqueous NaSCN
: 9g Pm (single hole)
/
: 10 wt $ aqueous NaSCN at room temperature
Spinning solution 
Spinneret diameter 
Coagulant
Length of coagulation 
bath
Rate of extrusion 
Extrusion pressure 
Speed first roller 
Temperature of first 
wash bath 
Length steam tube 
Temperature of final 
wash bath 
Stearn stretch 
ratios
0.6 m 
0.6 m/min 
280 KN/m2
1.8 m/min
50°c
0.6 m
30°C
X5, X6, X8, X9 and X13
* 1.5 denier, 10000 filament/tow special acrylic fibre from Courtaulds Ltd., 
Coventry.
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spent in the coagulant was about 20 seconds. On the basis of the work of 
141Mezhirov et al coagulation should have been completed well before the 
fibre left the bath. They found that a 100 pm diameter PAN fibre required 
about 4-5 seconds for complete coagulation when spinning into 10$ aqueous 
NaSCN at 11°C.
Attempts to collect fibre using a hot-stretch ratio above X13 were 
unsuccessful due to breaks occurring within the steam tube. The mechanical 
properties of the fibre samples axe given in Section 5*1 (Table 6).
4*4*2 Effect of hot stretching temperature
The in itia l series of experiments showed that increased amounts of 
stretch in steam resulted in PAN fibres with higher strengths and Young’s 
moduli. Moreover the mechanical properties of the carbon fibres derived 
from these PAN fibres showed a similar relation to the amount of stretch, 
see Section 5»+ Table 6. Thus the properties of the carbon fibres were 
related to those of the PAN precursor fibres. The use of stretch 
temperatures above 100°C was therefore examined to see if  further 
improvements in properties could be achieved. Two high molecular weight 
PAN copolymers were obtained in powder form for this work*, polymer B
rcontaining 5$ methyl acrylate as comonomer and polymer C containing 6$
methyl acrylate. The weight average moleculax weights of these two
polymers were 123000 and 136000 respectively, see Table 5* Polymer B was
used first to obtain samples of fibre stretched X14 in glycerol at
temperatures of 130, 150, and 160°C. Some improvements were made to the 
spinning apparatus beforehand' as described in Section 4*1* The conditions 
used to spin the samples were:-
* Polymer B was supplied by Badisohe Anilan and Soda Pabrik (BASF) Germany 
and Polymer C was from DuPont (UK) Ltd,, Northern Ireland.
T h e  s t r e t c h  d u r i n g  c o a g u l a t i o n  m a i n l y  o c c u r r e d  a t  t h e  n o z z l e  s o  t h e  t i m e
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Spinning solution 
Spinneret diameter 
Coagulant
Length of coagulation 
hath
Rate of extrusion 
Extrusion pressure 
Speed first roller 
Temperature of first 
wash bath 
Temperatures in 
glycerol bath 
Distance between hot 
stretch rollers 
Hot stretch ratio 
Temperature of final 
wash bath
14 wt $ polymer B in 50 wt $ aqueous NaSCN 
75 pm (single hole)
10 wt $ aqueous NaSCN
1.1 m
0.3 m/min 
280 KN/m2 
0.9 m/min
50°C
130, 150 and 160 C
0.3 m 
X14
30° C
The viscosity of the spinning solution was higher than that of the
solution used in the first series of experiments, partly duo to the higher-
molecular weight of polymer B and partly because the polymer concentration
had been increased from 8 to 14$* It  was accordingly more convenient to
operate using the lower rate of extrusion of 0.3 m/min. It  was found that
fibres formed under these conditions could also be stretched X14 in steam
at 100°C so a sample was collected for comparison with the glycerol-stretched
fibres. The experiments showed that hot-stretching at 150°C gave the most
promising results. Fibre spinning could then be maintained for periods of
up to -g-h without any breaks and the fibres produced had the highest
2mechanical properties, viz an average strength of 0.85 GN/m and an average
p
Y o u n g ’ s  m o d u l u s  o f  1 8 . 6  G N / m ' ,  s e e  S e c t i o n  5 * 2 ,  T a b l e  7 *
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Further samples were then spun from 14$ solutions of polymers B and 
G so that the properties of fibres produced from the two polymers could be 
compared. Samples were stretched X14 either at 150°C in glycerol or at 
100°C in steam. All the other spinning conditions were as listed above. 
Table 8 gives the results of mechanical tests done on the fibres both as 
spun and after conversion to carbon fibres.
Finally the possibility of using a stretch ratio of more than X14 
was briefly explored with the stretch bath held a.t 150°C. Polymer C was 
chosen for this experiment as it had the highest molecular weight, 136000. 
It  was found that the maximum stretch ratio that could be maintained was
X22 and samples of fibre were collected using both 75 and 100 pm nozzles.
/The other spinning conditions remained unchanged , The properties of the 
fibres produced are given in Table 9*
(a) Samples stretched in steam at 100°C
The extent to which the strengths of carbon fibres are influenced by 
impurity particles present in the PAN precursor fibres was investigated, 
first of a ll using polymer C. Thus a fibre sample was spun under the clean 
room conditions described in Section 4*2 from a carefully filtered 14$ 
spinning solution. A control sample also spun from a filtered spinning 
solution but not in the clean room was obtained to enable a comparison of 
fibre properties to be made.
The spinning conditions used were as follows:-
Spinning solution 
Spinneret diameter 
Coagulant
14 vrt $ polymer C in 50 wt $ aqueous NaSCN 
75 pm (5 boles)
10 wt $ aqueous NaSCN
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L e n g th  o f  c o a g u l a n t
hath 1.1 m
Extrusion pressure
Rate of extrusion
Speed first roller
0.3 m/min 
280 KN/m2 
0.6 m/min
Temperature of first
wash bath 50°G
Length of steam tube 0.6 m
Temperature of final
wash bath
Steam stretch ratio X14
In this experiment a 5 hole spinneret was used so that more ,fibre could be
0.5 g* The properties of the fibres, as spun, and after conversion to 
carbon fibres are shown in Tables 10-13 (Section 5*3*1). It  was found 
that significant increases in the carbon fibre strengths had been achieved 
by spinning and processing the PAN precursor under clean conditions. For
for the control fibre. The results are described in more detail in 
Section 5* 3*1• '
In view of these promising results further experiments were done to 
produce the following samples of PAN fibre for evaluation:-
(a) Spun from filtered spinning solution in the clean room.
(b) Spun from filtered spinning solution under normal laboratory
obtained in a given time. The amount collected in each’ case was about
example after heat-treatment to 2500°G the clean sample had an average
2tensile strength of 2.75 GN/m , 82$ higher than the corresponding value
c o n d i t i o n s .
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(c) Spun from unfiltered spinning solution in the clean room.
(d) Spun from unfiltered spinning solution under normal laboratory 
conditions.
Hie samples were to enable the relative effects of internal and surface 
impurities to be studied. The spinning conditions used were as described 
above, apart from the fact that polymer A, as a 13$ spinning solution, was 
used instead of polymer C. Polymer A was of particular interest because 
it is used in the production of commercial high modulus carbon fibres.
Tables 14-17 give results obtained with this series of samples.
Finally fibre samples were spun from 13$ solutions of polymer A and 
then deliberately contaminated with surface impurities to see how this 
influenced carbon fibre strengths. The fibres were spun in the clean room 
from filtered solutions and stretched X14 as described above, the 
contamination being introduced at the fibre collection stage. A 0.1$ 
suspension of the selected, impurity in water was allowed to drip onto the 
fibre as it was being wound onto the collecting frame. The contaminants 
used were (1) carbon black (2) silica and (3) ferric oxide*. These were 
chosen because sampling of the laboratory air had shown that soot particles 
were the main impurity, with silica and silicates also present in significant 
amounts. Ferric oxide was included as another impurity likely to be present 
in the vicinity of the spinning apparatus. The mechanical properties of 
the fibres are given in Tables 18 and 19, and further details concerning 
the sampling of the laboratory air are described in Section 4*8.
* The carbon black (Magecol 888) was supplied by Columbian International 
Ltd., Middlesex, it contained 0*4$ water soluble salts and had an ash 
content of 0.2$; the silica and ferric oxide powders were from British 
Drug Houses Ltd., Dorset.
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(b) Samples stretched in glycerol at 150 C
Although it had been established that the strengths of carbon fibres 
were limited by flaws caused by impurity particles, there remained the 
possibility that stronger PAN fibres would give rise to even higher carbon 
fibre strengths if  the spinning and processing was done under clean 
conditions. Samples of PAN fibre were therefore spun from filtered 
spinning solutions in the clean room using a glycerol hot-stretching bath 
in place of the steam tube. The first sample was spun as follows:-
Spinning solution 
Spinneret diameter 
Coagulant
Length of coagulation 
bath
Rate of extrusion 
Extrusion pressure 
Speed first roller 
Temperature of first 
wash bath 
Temperature of the 
glycerol bath 
Distance between hot 
stretch rollers 
Hot stretch ratio 
Temperature of final 
wash bath
14 wt $ polymer C in 50 wt $ aqueous NaSCN 
100 pm (single hole)
10$ aqueous NaSCN
1.1m 
0.3 m/min 
250 KN/m2 
0.6 m/min
50°C
150°C
0.3 m 
X19
30° C
These conditions resulted in strong PAN fibres with an average strength of
p O0.92 GN/m and a Young's modulus of 18.6 GN/m , see Table 20 (Section 5-3*4) 
However the strength after carbonizing to 1000°C was comparatively low, 
only 1.96 GN/m . Examinations of the fibres in the SEM suggested that
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surface flaws had been introduced during spinning at the point where the 
fibre passed through the glass traversing device, see Fig.11. This guide 
was therefore removed and an electric motor fitted to move the collecting 
frame from side to side to spread the fibre samples.
Further samples were then spun from 13$ solutions of polymer A using 
two different hot-stretch ratios, X14 and X19* The change of polymer had 
to be ma„de at this point because no more polymer C was available. In spite 
of the fact that the glass guide had been removed surface damage was again 
found, particularly in the sample stretched X19 at 150°C. Another possible 
reason for the damage was the stress that developed in the fibre due to the 
use of the collecting frames. As the frame rotated a stress was generated 
in the fibre that went through two maxima for each revolution of the frame. 
The distance between the final roller and the collector was therefore 
increased from the usual 90 cm "to +>0 cm and the length of the frame was 
reduced to 10 cm to minimize this effect. More samples stretched X14 and 
XI9 at 150°C were then spun and evaluated. The results obtained are given 
in Table 20 and discussed in Section 5*3.4*
4*5 Evaluation of PAN fibres
Individual fibres from the spun samples were mounted on glass slides 
and examined for impurity particles with an optical microscope at X600 using 
transmitted light. It  was found that particles could be located more 
readily by viewing the fibres in immersion o il between partially crossed 
nicols so that the fibres were seen against a dark background because of 
their birefringence.
Mechanical tests were done with an Instron tensile testing machine 
at a strain rate of 20$/min. The gauge length was 5 cm and 20 fibres were 
tested for each sample. For ease of handling the fibres were positioned
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across slots cut in white cards and the ends glued with "Durofix". The 
fibres were then clamped in the jaws of the testing machine and broken in 
tension after the sides of the cards had been cut away. The fibres were 
circular in cross-section and their areas of cross-section were obtained 
by diameter measurements using a Watson Image Shearing Elyepiece in an 
optical microscope at an overall magnification of X900. This system had 
previously been calibrated by means of tungsten wires of known diameters 
and it was estimated that measurements could be made to +0.1 pm.
4.6 Conversions to carbon fibre
PAN fibres were converted to carbon fibres by the normal RAE 
2 154process ’ . The samples s till on the collecting frames were first of a ll
/
given an oxidation treatment at 220 C for times ranging between 5“20h. 
Fibres from the first two series of experiments described in Sections 4*4*1 
and 4*4*2 were oxidized in air using a laboratory oven. Fibres used to 
investigate the effects of impurity particles described in Section 4*4*3 
were oxidized inside a vertical heated glass tube in the clean room. 
Contamination of these samples was avoided by having the entrance to the 
oxidation rig in front of one of the air filte r units and by heating the 
fibres in a stream of oxygen passed through a 0.05 pm filte r. Oxidation 
times, appropriate to the diameters of the fibres, and to the polymer, -were
ZT A Ochosen on the basis of previous work . For example it was known that
the acidic dye site in polymer A resulted in a more rapid rate of oxidation
81because it initiated the cyclization of PAN to form ladder polymer ,
(see Section 2.3*1)* The times used are given with the tables containing 
the mechanical properties of the carbon fibres.
In the first two series of experiments the fibres were cut off the 
frames after the oxidation treatment and carbonized in small graphite tubes 
to 1000°C either in a hydrogen atmosphere or in vacuum. In the experiments 
on the effects of impurities a different method was used. Here the 
carbonizations were done in filtered nitrogen with the fibres left on the 
silica frames to avoid having to handle them. To prevent contamination the 
samples were enclosed within a silica tube with a close-fitting silica cap 
before being moved out of the clean room to the furnace. Heat-treatments 
to 1400°C were done in vacuum (at a pressure of less than 0.7 N/m2) using a 
platinum wound furnace, with the samples in graphite tubes fitted with end 
plugs. Similarly heat-treatments to 2500°C were done in argon using a 
resistance-heated carbon tube furnace, the temperature being measured by 
optical pyrometer. The argon was passed through a 0.05 filt'er in the 
case of the experiments on the effects of impurities. At each of the 
processing stages the samples were held at temperature for fth before cooling 
to room temperature. In the experiments on the effects of impurities a ll 
loading and unloading of samples to and from the tubes, and the mounting of 
fibres for testing, was done in the clean room. The control samples in 
these experiments were processed in the same way as the fibres spun in the 
clean room.
4•7 Evaluation of carbon fibres
(a) Tensile tests
Tensile tests on the carbon fibres were done at a strain rate of 
1$/min with the fibres mounted on white oards as described in Section 4*5 • 
Gauge lengths of 5 cm were used and 20 fibres were tested from each sample. 
In some cases the effect of the length teste’d on the measured strength was 
examined b y doing additional tests on 10, 2.5 and 1 cm lengths of fibre.
I n  t h e  c a l c u l a t i o n s  o f  t h e  Y o u n g ' s  m o d u l i  i t  w a s  n e c e s s a r y  t o  m a k e  a
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correction of 3 pm/g to allow for the deflection of the load cell (Type A)
ppin the Instron testing machine" . The main source of error in the strength 
and modulus determinations was in the diameters that were measured to 
+0.1 pm. Thus for carbon fibres with diameters of 6-8 pm the total errors 
in the individual strengths and moduli were estimated to be 4$ and 7$ 
respectively.
The circular cross-sections of the carbon fibres can be seen in
Fig.14*
(b ). Examination of fracture surfaces
A scanning electron microscope (SEM) was used to examine the fracture 
surfaces of carbon fibres for flaws. The fibres, immersed in a beaker of 
glycerol to prevent loss of the broken ends by whip-back after failure, 
were broken in tension using an Instron testing machine modified as shown 
in Fig.15. The broken ends were washed with distilled water to remove the 
glycerol and mounted vertically in pairs onto metal stubs using silver 
cement. They were finally coated with a thin layer of vacuum-evaporated 
gold—palladium alloy to ensure good electrical conduction from the broken 
ends to the specimen holder.
4.8 Analysis of airborne impurities
A sample of airborne dust was collected using a vacuum pump to draw 
air through a 0.8 pm membrane filte r positioned near the first spinning 
apparatus. 10000 litres of air were passed through the filte r at a flow 
rate of about 25 litres/min. Identification of the particles on the filte r 
was then done by McCrone Research Associates Ltd., London, by means of 
polarized light microscopy and electron probe microanalysis. The main 
constituent was oil-based soot although various types of fibre were also
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common, such as paper, cotton, nylon and carbon fibres. Ninety particles 
less than 15 pn in diameter were examined with the electron probe; 70 of 
these were organic, 13 contained Ca, Al, Fe silicates, 5 were of silica and 
2 were tungsten.
A sample was also collected from the air inside the clean room. The 
filte r was placed in front of the bank of laminar flow air filters near the 
fibre collection point. To ensure that sufficient impurities would be 
collected only one of the air filters at the other end of the room was in 
operation. The volume of air sampled was 25000 litres, drawn through at 
25 litres/min as before. Soot particles were again predominant although in 
this case the particles were mostly below 2 pm in size. Other impurities 
found included glass, calcite, silicates, paper fibres and plant tissue 
fragments.
4•9 Transmission electron microscopy and X-ray diffraction studies
High voltage* transmission electron microscopy was used to investigate
the internal flaws in carbon fibres prepared from clean PAN fibre, spun
from a filtered solution of polymer A as described in Section 4*4*3(a).
155This work was done at AERE Harwell by Hudson and Harper using the method
*1 *1 (3 "1 f)originally developed by Sharp et al ’ . Commercial high modulus carbon
fibres obtained from the PAN fibres used as the source of polymer A were 
also examined to see how effectively the flaws had been eliminated in the 
clean-spun samples.
High angle X-ray diffraction was also used to determine the preferred 
orientation and crystallite size in samples'of PAN fibre stretched in steam 
at 100°C and in glycerol at 150°C. The fibres were spun from filtered
* An accelerating voltage of 1 MV enabled the electron beam to pass through 
the fibres.
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experiments were done to assess the fine porosity within the fibres. This
82work was done by Johnson et al , Department of Textile Industries, Leeds 
University.
The results of these studies are described in Sections 5*4 and 5*5*
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Fig.14 Cross-sections of carbon fibres derived from polymer C 
after heat-treatment to 2500°C. The spinning conditions 
used are given in section 4.4.3(a)
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Load cell
Fig. 15 Arrangement for testing fibres immersed in a liquid
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5•1 Effect of steam stretch ratio
In this preliminary experiment samples were spun satisfactorily from 
polymer A using steam stretch ratios ranging between X5 and XI3. The 
weight of fibre obtained was about 0.1-0.2 g in each case, this being 
equivalent to several thousand turns on the collecting frames. Both the
Young's moduli and the tensile strengths of the PAN fibres increased with
the amount of steam stretch, as can be seen from Table 6. Furthermore 
similar trends were also found after the samples had been converted to 
carbon fibres. For example after heat-treatment to 2500°C the fibres that 
had been stretched X13 had an average modulus of 346 GN/m , this being 22$ 
higher than the corresponding value for the sample stretched X9* Similarly 
the tensile strength of the X13 sample after heat-treatment to 2500°C was 
1.22 GN/m2, 48$ higher than the strength of the X9 sample. Thus the 
results indicated that the improvements in preferred orientation achieved 
by raising the hot-stretch ratio, had been retained during the conversion to 
carbon fibre and that the properties of the carbon fibres were related to 
those of the precursor fibres.
5.2 Effect of hot-stretching temperature
The effect of varying the hot—stretch temperature was investigated by 
obtaining samples of fibre from polymer B that had been stretched X14 at 
temperatures in the range 100~160°C. The results, given in Table 7? show 
that hot stretching at temperatures above 100°C led to PAN fibres with 
significantly higher mechanical properties, in particular when the stretch
temperature was 150°C. Thus fibre stretched X14 at 150°C had an average
2 * 2strength of 0.85 GN/m as compared with 0.61 GN/m for fibres stretched X14
oin steam at 100 C, an improvement of 40%. The Young's modulus of the 
fibres, 18.6 GN/m , was also higher than that of the sample stretched at
5  R E S U L T S
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100°C, by 22$. Corresponding improvements in the mechanical properties 
were found after the fibres had been converted to carbon fibres. For
example after carbonizing to 1000°C the fibres from the precursor stretched
o 2at 150 C had an average strength of 2.19 GN/m , a 46$ improvement on the
strength of the sample that had been stretched X14 at 100°C. The Young’s
modulus at. this stage, 255 GN/m , was also higher than the modulus of the
sample stretched at 100°C but to a lesser extent, viz. 12$.
Further experiments confirming that hot stretching at 150°C gave 
fibres with better mechanical properties than fibres stretched in steam at 
100°C were then done using both polymer B and polymer C. The results, 
given in Table 8, showed that for a given set of spinning conditions 
polymer B gave fibre with slightly better properties than polymer C. For
example fibre from polymer B stretched X14 at 150°C ha,d a strength of
2 2 O.96 GN/m' and a modulus of 19*3 GN/m whereas the corresponding values
2 2when using polymer C were O.89 GN/m and 17*9 GN/m respectively. After 
being converted to carbon fibres the samples from polymer B generally had 
higher Young’s moduli than those from polymer C but the differences were 
small, averaging about 4$* Since the strengths of the carbon fibres from 
the two polymers were not significantly different it was concluded that 
there was little  to choose between the two polymers as carbon fibre 
precursors.
When the hot stretching treatment was done in glycerol at 150°C it
was found that a stretch ratio as high as X22 could be maintained when
spinning from a 14$ solution of polymer C. This resulted ih very strong
PAN fibre as can be seen from Table 9« For example the sample spun from
2a 100 pm nozzle had an average tensile strength of 1.16 GN/m and an
2
a v e r a g e  m o d u l u s  o f  2 0  G N /m  .  T h i s  f i b r e  t h e r e f o r e  h a d  m e c h a n i c a l  p r o p e r t i e s
9 2
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make carbon fibres in the UK, since this fibre has been found to have a
P Pstrength of 0.63 GN/m* and a modulus of 10.3 GN/m'. The carbon fibres
obtained from the sample stretched X22 were disappointing however. Although
the Young’s moduli were high, as expected from the high modulus of the
as—spun fibres, the strengths were comparatively low, see Table 9.
It is useful at this point to examine the relations between the 
mechanical properties of the PAN fibres and those of the carbon fibres 
derived from them, using a ll the results so far available. In Figs,l6(a) 
and (b) the Young’s moduli of the precursor fibres have been plptted against 
the carbon fibre moduli and it is clear that the moduli of the two types of 
fibre are related. It  is worth noting however that there is little  benefit 
to be gained by seeking a further improvement in the PAN fibre modulus since 
this would lead to only a marginal increase in the carbon fibre modulus. 
Figs.17(a) and (b) are similar plots for the tensile strengths of the 
fibres and again it  can be seen that the values for the two types of fibre 
are related although there is more scatter in these results. The graphs 
show that the high strength PAN fibre stretched X22 had given carbon fibres 
with lower strengths than might have been expected. This suggested the 
presence of some additional flaws in these fibres possibly caused by the 
use of too high a stretch ratio during spinning.
The failure of the high strength PAN fibres stretched X22 to yield 
corresponding gains in the strengths of the carbon fibres led to an 
examination of the fracture surfaces of the carbon fibres using the SEM.
Six fractures were investigated and evidence that the failures were 
initiated by surface flaws was found. Two examples are shown in Figs. 18
* Supplied by Courtaulds Ltd. - used here as the source of polymer A.
t h a t  w e r e  a p p r o x i m a t e l y  d o u b l e  t h o s e  o f  t h e  c o m m e r c i a l  P A N  f i b r e *  u s e d  t o
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and 19* No obvious signs of overstretching were apparent and it seemed 
more likely that the flaws were the result of impurity particles that had 
reacted with the fibres during carbonizing and heat-treatment. Two further 
pieces of evidence supporting this conclusion were as follows
(i) Impurity particles ~1-3 fim in size were found to be present on the 
surfaces of the PAN fibres using an optical microscope. The frequency 
of occurrence on fibre stretched X22 was about 8/mm.
( ii)  A particle count taken near the spinning apparatus showed the
7 olaboratory air to contain rtO particles/m at 0.5 qm and above.
A second spinning apparatus was therefore set up in a clean room to 
study the effects of impurity particles on the strengths of carbon fibres.
5•3 Effect of impurity particles
5.3*1 First series of experiments with steam stretched fibre
(a) Properties of the PAN fibres
Samples of PAN fibre spun from filtered solutions of polymer G under 
clean room and normal laboratory conditions were examined for impurities 
using an optical microscope at X600. The results, given in Table 10, 
indicated that the clean room fibres had 35X less particles on them than 
the control fibres although in view of the very small number seen on the 
clean sample this factor can only be regarded as an approximation. The 
particles a ll seemed to be on the fibre surfaces and were mainly 1-3 |im in 
size. The counting of particles was a tedious operation and there was 
always the possibility that contamination had occurred during mounting, in 
spite of the fact that the examinations were'done in front of one of the 
air filtration units. However there was no doubt that the clean room 
sample was very much cleaner than the control fibre.
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Sample Number of fibres examined
Number of 
particles 
seen
Concentration
of
particles/cm
Clean room 10 x 1 cm lengths 2 0.2
Control 10 x 1 cm lengths 70 7*0
Table 10
Counts of impurity particles on fibres spun from polymer C
Sample
Average properties of fibres
Diameter 
pm |
Elongation
$
Young’s 
modulus
GN/m2
Tensile
strength*
GN/m2
Clean room 15-9 10 10.4 0.55
Control 15.0 11 13.0 0.65
* 5 cm lengths •
T a b l e  11
The properties of the clean fibres and the controls were similar despite 
the large difference in the impurity counts. This was because the 
impurities were mainly on the fibre surfaces since the two spinning 
solutions had been filtered in the same way to remove inclusions.
(b) Properties of the carbon fibres
The mechanical properties of the carbon fibres derived from the two 
samples of PAN fibre are compared in Table 12. The carbon fibres from the 
clean precursor had strengths significantly higher than those of the 
controls, the improvement being 84$ after the 1400°C stage and 02$ after 
treatment to 2500°C. The strengths of the clean room sample continued to 
increase with heat-treatment temperature whereas the control fibres had 
maximum strength after carbonizing to 1000°C, see Fig.20. The Young's 
moduli of the two samples on the other hand were similar after each heat- 
treatment stage. This demonstrates that Young's modulus is an intrinsic 
property of the fibres while the strength is limited by flaws. The results 
suggest that these flaws develop due to reactions between the fibres and 
the impurity particles during processing, in particular when the temperature
Qis raised above 1000 C.
Table 13 gives values for the average strengths of the carbon fibres
heat-treated to 2500°C for different gauge lengths. The strengths of the
clean room fibres were not affected by the gauge length over the range
1-5 cm whereas the control sample showed a marked influence of length on
the measured strengths. This again indicates that severe flaws in carbon
fibres can be largely avoided by working in clean conditions. .Fig.21
101compares the gauge length data with results previously obtained for 
carbon fibres from commercial PAN fibres.
T h e  m e c h a n i c a l  p r o p e r t i e s  o f  t h e  P A N  f i b r e s  a r e  s h o w n  i n  T a b l e  1 1 .
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The strength histograms in Fig.22 show that although the majority of
clean room carbon fibres heat-treated to 2500°C had broken at a stress of
a b o u t 3 GN/m t h e r e  \vere s t i l l  i s o l a t e d  s e v e r e  f l a w s  p r e s e n t  i n  t h e  s a m p le .
Fig.23 on the other hand shows that severe flaws occurred frequently in the
c o n t r o l  . f i b r e s  and t h a t  v a l u e s  i n  t h e  r e g i o n  o f  3 GN/m w ere  o n ly  n o t i c e a b l e
when the gauge length had been reduced to 1 cm. In Fig.24 the fractions of
the samples broken have been plotted against the applied stress, for the
gauge length data, as this has the advantage of showing individual results.
The distributions for the control fibres are displaced to higher strengths
as the gauge length is decreased. The distributions for the clean room
sample show that most of the strengths were in a narrow range, 2.5 to
3*5 GN/m , for all gauge lengths and this suggests that it may be appropriate
2to consider results below 2 GN/m , say, as failures at severe flaws. If 
the assumption is made that these severe flaws have a Poisson distribution* 
then the probabilities of selected lengths I containing 0, 1, 2 ..... 
flaws are given by successive terms in the following expansion­
's 3 n
e x p  ( -  z ) ( 1  +  z  +  + j p   3 7 )  =  1
where s ■= +/x and x is the average distance between flaws. Thus if 
the probability of avoiding a severe flaw operative below 2 GN/m is p 
then
p = exp (- l/F) 
an d  l o g 10 P = -  0 .4 3 4 3  ^ /x
Values for p have been obtained from Fig. 2 4, and Fig. 25 shows that 
a plot of log.|Q p against f for the clean room sample gives a straight 
line passing through the origin. This indicates that the severe flaws did 
have a Poisson distribution with the slope corresponding to an average flaw
1 '14* Thorne has shown that internal flaws in PAN fibres usually have a 
Poisson distribution.
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s e p a r a t i o n  o f  a b o u t 20  cm. C om p arison  w it h  t h e  p a r t i c l e  c o u n t d o n e  on t h e  
p r e c u r s o r  f i b r e ,  s e e  T a b le  1 0 , s u g g e s t s  t h a t  n o t  a l l  im p u r i t y  p a r t i c l e s  
r e a c t  t o  p r o d u c e  s e v e r e  f l a w s .  T h is  i s  n o t  s u r p r i s i n g  i n  v ie w  o f  t h e  
d i f f e r e n t  t y p e s  o f  p a r t i c l e  t h a t  c o u ld  h a v e  b e e n  on  t h e  f i b r e s ,  s e e  
S e c t i o n  4 * 8 .
The d i s t r i b u t i o n s  f o r  t h e  c o n t r o l  f i b r e s  i n  F i g . 24 a r e  d i f f e r e n t  from  
t h e  c l e a n  room sa m p le  in a sm u c h  a s  no d i s c o n t i n u i t y ,  i n d i c a t i v e  o f  random
r
s e v e r e  f l a w s ,  i s  a p p a r e n t .  The d i s t r i b u t i o n s  s u g g e s t  i n s t e a d  t h a t  f l a w s  
w it h  a  w id e  r a n g e  o f  s e v e r i t y  w ere  p r e s e n t .  An e s t i m a t e  o f  t h e  s e p a r a t i o n  
o f  s e v e r e  f l a w s ,  a s  d e s c r i b e d  a b o v e , w as t h e r e f o r e  d u b io u s  a l t h o u g h  i t  d id  
i n d i c a t e  t h a t  f l a w s  o p e r a t i v e  b e lo w  2 GN/m h ad  an  a v e r a g e  s e p a r a t i o n  o f  
a b o u t 2 - 4  cm.
( c ) C arbon f i b r e  f r a c t u r e s u r f a c e s
Some f r a c t u r e  s u r f a c e s  o f  t h e  c a r b o n  f i b r e s  a r e  g iv e n  i n  F i g s . 2 6 -3 1 *  
T w enty fo u r  b r o k e n  f i b r e s  w ere  ex a m in e d  and  i n  e v e r y  c a s e  f r a c t u r e ,  a p p e a r e d  
t o  h a v e  b e e n  i n i t i a t e d  a t  t h e  s u r f a c e .  A f t e r  h e a t - t r e a t m e n t  t o  1400°C  t h e  
c o n t r o l  f i b r e s  w ere  c h a r a c t e r i z e d  b y  la r g e  s u r f a c e  f l a w s  an d  r e l a t i v e l y  
sm o o th  f r a c t u r e  s u r f a c e s  a s  i n  F i g . 2 6 , w h i l e  t h e  c l e a n  room f i b r e s  f a i l e d  
a t  s m a l l e r  f l a w s  a s  i n  F i g s . 2 7 - 2 9 .  The f la w s  w ere  u s u a l l y  s u r r o u n d e d  b y  a  
c o m p a r a t iv e ly  f l a t  r e g i o n  on t h e  f r a c t u r e  s u r f a c e  w h ic h  b ecam e p r o g r e s s i v e l y  
r o u g h e r  away from  t h e  p o in t  o f  i n i t i a t i o n .  R id g e s  w ere  so m e tim e s  v i s i b l e  
r a d i a t i n g  from  t h e  f l a w s  an d  f i b r e s  b r o k e n  a t  h ig h  s t r e s s e s  h ad  r o u g h e r  
f r a c t u r e  s u r f a c e s .
F ib r e s  h e a t - t r e a t e d  t o  2500°C  h ad  f r a c t u r e s  t h a t  w ere  m ore u n i f o r m ly  
f i b r o u s  an d  e x a m p le s  a r e  g i v e n  i n  F i g s . 30  an d  3 1 . T h ere  w as no e v id e n c e  
o f  t h e  i n t e r n a l  v o id s  o f t e n  fo u n d  t o  c a u s e  f r a c t u r e s  i n  c o m m e r c ia l h ig h
1 0 2
modulus carbon fibres. A typical example of this type of internal flaw is
given in Fig.32, the fibre coming from a batch heat-treated to 2500°C and
having a strength of 1.5 GN/m". The fact that the strengths of the clean
room fibres increased with heat-treatment temperature and their fracture
surfaces did not contain internal flaws shows that the strength decrease/’^
usually found on heat-treating commercial carbon fibres to temperatures
above 1200-1500°C is due to impurity particles originally present in the
116precursor fibre. Sharp and Burnay also came to this conclusion after 
studying the voids and inclusions in carbon fibres directly using a high 
voltage electron microscope, see Section 2.4*4* Thus the strengths of 
commercial high modulus carbon fibres could be improved by better filtration 
of the spinning solution before spinning the PAN precursor fibres. Data on 
flaw size distributions in carbon fibres supporting this assertion will be 
given later in Section 5*4.
5*3.2 Second series of experiments with steam stretched fibre
(a) Properties of the PAN fibres
In this series of experiments samples of PAN fibre were spun under 
clean room and normal laboratory conditions from both filtered and unfiltored 
spinning solutions of polymer A. The results of particle counts made on 
these four samples of fibre are given in Table 14* The clean room sample 
spun from filtered spinning solution contained more particles than the 
corresponding fibre in the first series. However all the particles found 
were less than 1 p.m in size. Although it was sometimes difficult to decide 
whether the impurities were inside the fibre or on the surface-, the effects 
on the particle counts of filtering the spinning solutions and spinning under 
clean conditions can easily be seen. Two typical examples of impurities 
present in the samples are shown in Figs.33 and 34*
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Spinning conditions Type of impurity
Number of 
particles 
seen*
Concentration 
of particles 
/ cm
Filtered spinning solution 
spun in clean room
Inclusion 3 0,3
Surface 4 0.4
Filtered spinning solution 
spun in normal laboratory
Inclusion 2 0.2
Surface 97 9.7
Unfiltered spinning solution 
spun in clean room
Inclusion 120 12.0
Surface 3 0.3
Unfiltered spinning solution 
spam in normal laboratory
Inclusion 70 7.0
Surface 85 inCO
*10 x 1 cm lengths examined
Table 14 Counts of impurity particles for fibres spun from polymer A
Average properties of fibres
Spinning conditions Dia.
jam
Elongation
$
Young’s 
modulus
GN/m2
- • 1
Tensile
strength*
GN/m2
..— .■■ ...
Coefficient 
of variation 
of strengths' 
%
Filtered spinning 
solution spam in 
clean room
13.7 15-3 9.0 0.54 11
Filtered spinning 
solution spun in 
normal laboratory
13.6 16.1 8.8 0 . 5 2 15
Unfiltered spinning 
soliation spun in 
clean room
11.6 12.0 10.6 0.62 16
Unfiltered spinning 
solution spun in 
normal laboratory
16.6 12.2 9.8 0.54 ' 17
*5 cm lengths•
Table 15 Mechanical properties of PAN fibres stretched X14 in steam 
spun from polymer A
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The number of inclusions in the fibres did not affect their mechanical 
properties, as spun, see Table 15* In fact the fibre from unfiltered 
spinning solution spun under clean conditions had slightly higher mechanical 
properties. This was probably due to a small error in the setting of the 
X14 steam stretch ratio. It is unlikely that the small differences between 
the fibre properties, as spun, would have a significant bearing on the 
properties of the resultant carbon fibres.
(b) Properties of the carbon fibres
The mechanical properties of the carbon fibres derived from the 
second series of PAN fibre samples are summarized in Table 16. The results 
indicate that, although the Young’s moduli of the samples were similar at 
each of the heat-treatment stages, the strengths varied considerably due to 
the different levels of impurity particles in the precursor fibres. The 
effects of impurities on carbon fibre strengths can be seen more clearly in 
Fig!35 where the average strengths have been plotted against the temperature 
of heat-treatment for the 5 cm gauge length tests. As expected from the 
previous experiment the PAN'fibre spun from filtered spinning solution in 
the clean room gave the carbon fibres with the highest strengths at each of 
the processing stages. It is also worth noting that spinning under clean 
conditions to avoid surface impurities had a more significant effect than 
filtration of the spinning solution for fibres carbonized to 1000°C and 
heat-treated to 1400°C. On the other hand filtration of the spinning 
solution was more important for fibres heat-treated to 2500°C.
When the average strengths of the carbon fibres described in 
Section 5*3-1 are compared with the corresponding results given here it can 
be seen that the values were similar after carbonizing to 1000°C and after 
heat-treatment to 2500°C, see Figs.20 and 35* At the 1400°C stage however
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the strengths obtained, in this second series of experiments were noticeably' 
higher which is surprising in view of the similar values found after the 
other heat-treat merit s. This is difficult to explain satisfactorily but 
possibly the differences could be attributed to some impurities on the 
fibres heat-treated to 14-00°C in the first series of experiments. These 
impurities might have been introduced as the fibres were being loaded into 
the graphite tubes before the heat-treatment.
Figs.36 and 37 show the effects of gauge length on the average strengths 
of fibres obtained in the second series of experiments after heat-treatments 
to 1400°C and 2500°C respectively. At the 1400°C stage the two samples of 
fibre spun under clean conditions showed less of a gauge length effect, and 
higher strengths, than the samples spun under normal laboratory conditions. 
This is thus further evidence that surface flaws are the major factor 
limiting the strengths of fibres heat-treated to 1400°C. After heat- 
treatment to 2500°C on the other hand the samples spun from filtered 
solutions showed smaller gauge length effects which suggested that fractures 
at internal flaws due to inclusions became more common after heat-treatments 
to high temperatures. The situation was not clearly resolved however since 
the sample from unfiltered solution spun under clean conditions gave carbon 
fibres with similar strengths to those obtained from the sample spun under 
normal laboratory conditions from filtered solution. Flaws in fibres 
heat-treated to 2500°C operative at similar stress levels can thus be due 
either to inclusions or to surface impurity particles. The effects of 
gauge length on the fibre strengths will be discussed again in Section 6.
Strength distributions for some of the carbon fibre samples are given 
in Figs, 38-4-0. Figs. 38 and 39 show the values obtained after heat-treatments 
to 1400°C and 2500°C respectively, for the fibres spun from filtered
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solution under clean room conditions. With these results there was less 
evidence of a distinction between severe flaws and the remaining flaws 
than had been found in the corresponding sample in the first series of 
experiments (see Fig.24). There was less justification therefore for an 
estimate of the separation of severe flaws along the lines described in 
Section 5*3.1. In spite of this however, plots of log ^p against gauge 
length, where p , as before, was the probability of avoiding a flaw operative 
below 2 GN/m , were reasonably consistent with a Poisson distribution, as 
can be seen from Fig.41* The slopes of the lines in Fig.41 corresponded to 
average severe flaw separations of about 100 cm for fibres heat-treated to 
1400°C and about 50 cm for fibres heat-treated to 2500°C. In the first 
series of experiments on the other hand the average separation in the 
equivalent sample heat-treated to 2500°C was found to be about 20 cm. This 
lack of agreement in the flaw separation estimates is not surprising though 
since they were only approximations being very dependent on small numbers 
of extreme values in the strength distributions.
Fig.40 gives the strength distributions for 5 cm lengths of fibre 
after heat-treatments to 1400 and 2500°G for each of the four samples spun 
in this second series of experiments. It is interesting to see that some, 
but not all, of the distributions indicated the presence of several different 
types of flaw operative at different stress levels. For example after 
heat-treatment to 2500°C most of the strengths of the fibres from unfiltered
solution spun under normal laboratory conditions fell into three groups, at
2 2 2 aboiat 0.6 GN/m , at 1.2 GN/m and at 1.5-1*6 GN/m . There was also evidence
2 2of groups at about 1.2 GN/m and 1.6 GN/m in the fibre from filtered 
solution spun under normal laboratory conditions. Fibres from unfiltered 
solution spun under clean conditions on the other hand showed very little 
evidence of failures at any particular stress level. The fibres from
1 0 8
filtered solution spun under clean conditions were considerably stronger 
with the majority having strengths in the range 2.5-3*2 GN/m , with smaller
p 2groups at 1.6-2.1 GN/m- and 3• 6—4-«1 GN/m . Hie tendency for the strengths 
to fall into groups was less pronounced at the 1400°C stage although it is
worth noting that the distribution for the fibre spun from filtered solution
under clean conditions was very similar to the one obtained after the 
heat-treatment to 2500°C. It was concluded that a number of different 
types of impurity can be present in or on the PAN fibres and that some of 
these only react to produce flaws at temperatures above 1400°C. Hie effects 
of different types of impurity will be discussed in Section 5*3*3*
(c) Carbon fibre fracture surfaces
The broken ends of carbon fibres from some of the samples were 
examined in the S M  and Table 17 summarizes the information gained about 
the flaws.that had initiated the fractures. In general the strengths given 
in this table were consistent with the corresponding average values shown 
in Table 16 bearing in mind the small numbers of the fractures examined.
The data in Table 17 clearly show that fibres heat-treated to 1400°C 
almost invariably failed because of surface flaws. This was the case eiren 
for the sample spun in the clean room from unfiltered spinning solution. 
After the heat-treatments to 2500°C on the other hand the filtering of the 
spinning solution had a pronounced effect on the type of fracture, surface 
flaws being operative in fibres obtained from filtered solutions while 
internal flaws predominated in fibres from unfiltered solutions.
Some of the fracture surfaces are shown in Pigs.42-49* Two examples 
for fibres heat-treated to 1400°C obtained from the sample spun
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1 1 0
from filtered spinning solution in the clean room are given in Pigs.42 and 1 
43. In the first one, both the ends showed a small indentation ('"•0.2 |.im 
in width) at the fibre surface at the point where the fracture appeared to 
have been initiated. In the second example one of the ends showed a similar 
indentation although in this case the other end had a small tongue of 
material that may have fitted into this indentation. Pigs.44 and 45 show 
two more examples of surface flaws in carbon fibres heat-treated to 1400°C. 
These were found in fibre from the sample spun under normal laboratory 
conditions from filtered spinning solution.
The two types of flaw found in fibres heat-treated to 2500°C are
illustrated in Pigs.46-49* Thus Pigs.4-6 and 47 show fractures that began
at surface flaws in fibres from the sample spun under clean conditions from
filtered spinning solution, while Pigs . 48 and 49 show internal flaws present
in fibres from the sample spun from unfiltered spinning solution in the
clean room. The voids in the fibres were thought to be caused by the
volatilization of inclusions during the heat-treatment to 2500°C, as
proposed by Sharp and Burnay . In some cases the outer surface of the
fibre appeared to have collapsed into the void; this may have been due to
a drop in gas pressure within the void as the fibre was cooling after the
116heat-treatment. Previously Sharp and Burnay had observed the converse 
effect, i.e. a swelling of the fibre in the region of the bubble defect 
which they attributed to a build-up of gas pressure as the fibre was being 
heat-treated.
1 1 1
5-3*3 Experiments involving the deliberate contamination of steam- 
stretched fibre
(a) Properties of the PAN fibres
Three samples of PAN fibre were spun in the clean room from a filtered 
solution of polymer A and these were deliberately contaminated with particle 
at the fibre collection stage, as described in Section 4*4*3(a). The 
contaminants used were (1) carbon black (2) silica and (3) ferric oxide 
(Pe203^* mechanicaI properties of the PAN fibres were in reasonable
agreement with each other as can be seen from Table 18. The stretch ratio 
used for the Fe^O^ sample may have been slightly less than intended however 
since the mechanical properties in this case were slightly lower than those 
of the other two samples- The stretch ratios should have been 'set at X14 
for all three samples. Table 18 also gives the particle counts obtained 
for the fibres. The method of introducing the impurities wa,s satisfactory 
in that the particles were generally found to be isolated from each other 
and were distributed uniformly throughout the samples. It must be admitted 
however that the carbon black sample contained more particles than the 
other two samples although the majority, about 90$ of them, were less than 
1 um in size. The particles of SiO^ and Fe^O^ on the other hand were 
somewhat larger being mainly within the 1-3 pm size range.
(b) Properties .of the carbon fibres
Table 19 gives the average mechanical properties of the samples after 
conversion to carbon fibre, and Fig.50 shows the effect of heat-treatment 
temperature on the strengths, both for the contaminated samples and for 
the sample of clean fibre described in the previous section. It was found 
that Si02 and F e ^ ^  particles had similar effects on the strengths of the 
fibres. When compared with the clean fibre, both the Si02 and the F e ^ ^  
samples had slightly lower strengths after carbonizing to 1000°C followed 
by much larger reductions in strength after heat-treatments to 1400°C and
Average properties of fibres*
Type of 
surface 
impurity
Number of 
particles 
/cm* Dia.
qin
Elongation
1o
Young1s 
modulus
GN/m2
Tensile
strength
GN/m2
Coefficient 
of variation 
of strengths 
$
Carbon black 70 16.1 12.0 7.8 0.48 10
Silica 8 1 4 .8 10.9 8.1 0.55 15
Iron oxide 
( S V 3) 16 1 8 .6 13.0 7.0 0 . 4 1 14
*10 x 1 cm lengths examined
•j"Fibres stretched XI4 in steam
Table 18 Impurity counts and mechanical properties for samples of
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2500 C. In the case of the fibre contaminated with SiO^, for example, the 
strength reductions relative to the equivalent results for the clean fibre 
were 6$ after carbonizing to 1000°C, 33$ after heat-treatment to 1400°C and 
63$ after treatment to 2500°C. There was no doubt therefore that flaws do 
arise because of contamination with SiO^ and Fe^O^ and that these flaws 
become progressively more severe as the heat-treatment temperature is raised 
above 1000°G.
The carbon black sample behaved differently, first of all by giving 
carbon fibres with an average strength slightly higher than that of the 
clean fibre sample after carbonizing to 1000°C. A Student's t. significance 
test showed that the 8$ difference in strengths was not significant however.
The carbon black sample also differed from the SiO^ and Ee20^ samples in
2 othat the strength increased to 2.61 GN/m after the heat-treatment to 1400 C,
as can be seen from Fig.50. This average strength nevertheless was 13$
lower than the corresponding value for the clean fibre and here a Student.1 s
t test indicated, at the 5$ level, that this was probably a real effect.
After the final heat-treatment to 2500°C the strength of the carbon black
sample decreased to l o  GN/m , about half the strength of the clean fibre at
this stage but even so still noticeably higher than the results for the
Si02 and Fe20^ samples. The reason for the flaws due to the carbon black
f
was not clear and it was ,hoped that examinations of the fracture surfaces 
with the SEM would shed some light on this problem. The flaws could have 
been the result of impurities in the carbon black, which was reported to 
have a 0.2$ ash content, or possibly the particles had become an integral 
part of the fibres and thus introduced regions of misorientation at the 
surface.
1 1 5
The strength distributions for the contaminated samples are shown in ’ 
Fig.51) for fibres heat-treated to 1400°C and 2500°C. The distributions 
for the Si0 2 and the samples were very close to each other which is
another indication that these two impurities have similar effects on carbon 
fibre strengths. The distributions also showed that the flaws in the 
fibres had wide ranges of severity even when they were caused by only one 
type of impurity. This was particularly noticeable after the heat-treatment 
to 2500°C.
(c) Carbon fibre fracture surfaces
The fracture surfaces of carbon fibres from the samples contaminated 
with SiO^ and Fe2Cft particles were examined after the heat-treatment to 
1400°C since it was at this stage that the strengths first showed large 
decreases relative to the strength of the clean sample, see Fig.5 0.
Eighteen fibres from the sample contaminated with Si02 all appeared to have 
failed because of surface flaws. The flaws were associated with either 
small lumps of material adhering to the surfaces as in Fig.52 or with pits 
in the fibre surfaces as in Fig.53* The pits were probably the result of 
chemical reaction between the SiO^ particles ajid the fibres during the 
heat-treatment, possibly with reacted material being lost as the fibres 
were broken. Twelve fibres from the sample contaminated with Fe20^ were
also found to have failed at surface flaws. The flaws were generally
inconspicuous, as in Fig.54) although in one case a large flaw was found 
protruding from the fibre surface at the fracture point, see Fig.55*
Some unbroken fibres were also examined in the SEM and signs of
reaction between Si0 2 particles and the fibres were found after the heat- 
treatment to 1400°C, see Fig.56. In the case of the sample contaminated 
with F^Og however any evidence of reaction with the fibres was concealed
116
by filamentary growths of carbon as can be seen from Fig.57* These growths,
which were up to 0.2 pm in thickness, were formed below 1000°C because they
were present on the surfaces of the carbonized fibres. They were only
loosely attached to the fibres since they were not seen when the fracture
157 158surfaces of the fibres were examined. It is well known 1 ' that some
metals, such as iron, can promote the formation of carbon filaments from
hydrocarbons and this must have happened here, the carbon being deposited
from the gases evolved during pyrolysis, see Section 2.3.2. This explanation
is consistent with the observation that the filamentary growths were
unchanged by the heat-treatment to 2500°C. Thus the iron oxide had two
effects, it promoted the formation of filamentary carbon growths and it
gave rise to flaws in the surfaces of the carbon fibres. The mechanisms
involved will be discussed later, in Section 6.5*
‘
The carbon fibres with carbon black on their surfaces were examined 
after the heat-treatment to 2500°C because it was only then that the strength 
was found to have decreased. Twelve fractures were investigated and no 
evidence that the failures were caused by carbon black particles was found.
In fact it proved to be difficult to locate the initiation point on these 
fracture surfaces, as can be seen from the example given in Fig.58. In 
one case a flaw was found, see Fig.59, But it seemed likely that this was 
due to a different type of impurity, perhaps iiitroduced with the carbon 
black, in view of the surface pitting in the area. A bundle of fibres was 
examined in the SEM and this confirmed that carbon black particles were still 
present in the sample, see Fig.60. The particles appeared to be only 
loosely adhering to the surfaces however and it is possible that they were 
lost either as the fibres were being tested or as they were being washed 
prior to being examined in the microscope. It was finally concluded that 
the flaws in this sample were caused by impurities introduced with the 
carbon black and were not due to the carbon black itself.
117
5.3*4 Experiments involving fibres stretched at 15Q°C i-n glycerol 
Five samples of PAN fibre were spun in the clean room from filtered
spinning solutions and hot-stretched in glycerol at 150°C to see if further
improvements in carbon fibre strength could be achieved. Details of the 
spinning conditions used are given in Section 4*4*3(b) and the results 
obtained are summarized in Table 20. The results of particle counts made 
on the as-spun fibres are also given in this table.
The first sample was spun from polymer G using a hot stretch ratio
of X19 and, as expected from the earlier experiments described in Section 5*2, 
it had good mechanical properties. For example the average strength was 
0.92 GN/m , 67$ higher than that of the steam stretched PAN fibre spun from 
polymer C in the clean room, see Table 11. After conversion to carbon
fibre however the mechanical properties were disappointing. Although the
o 2Young’s modulus after carbonizing to 1000 C was high, 221 GN/m , the
2average strength was only 1.9 6 GN/m , lower than the corresponding result 
for the steam-stretched fibre as can be seen from Table 12. The fracture 
surfaces of some of the carbonized fibres were therefore examined using the 
SEM to see if the cause of the low strengths could be established. It 
seemed unlikely that all the flaws were due to impurity particles since a 
low particle count had been obtained for the as-spun fibre, see Table 20.
Nine fractures were investigated and in six cases the failures appeared to 
be the result of surface damage of a type not encountered previously*.
Three examples are shown in Figs.6l-63* Similar damage was also found when 
the surfaces of some of the PAN fibres, that had been collected on a second 
frame, were examined in the SEM, as can be seen in Figs.64-6 5* It was 
thought that the surface of the PAN fibre could have been damaged when the
* The remaining three fractures were initiated by surface flaws similar to 
those shown in Figs.42 and 43*
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fibre-passed through the glass guide used to spread the sample across the 
collecting frame. Since the fibre was being wound onto a rotating frame it 
alternately slackened and tightened again as it passed between the final 
roller and the frame, see Fig.66. This resulted in a slight pull on the 
guide by the fibre that occurred twice for each frame revolution. When the 
PAN fibres were examined under an optical microscope at X2p the damage was 
seen to occur mainly in two similarly situated regions, one on each side 
of the frame. These regions, which were about a third of the way along the 
length of the frame, were thus consistent with the damage being introduced 
due to the rotation of the collecting frame. If the damage was caused in 
this way, the fact that it only occurred in the glycerol-stretched fibre 
could have been due to the much higher stiffness, i.e. Young’s modulus, of 
this fibre as compared with steam-stretched fibre. The effect ought to have 
been found during the earlier experiments on hot-stretching in glycerol 
however; it was probably missed (a) because these fibres had failed at 
severe flaws that had developed from impurities and (b) because only six 
fra,ctures were examined, see Section 5*2.
To see if the above explanation for the surface damage was correct, 
two further samples of fibre, one stretched X14 and the other X19, were 
spun without using a glass guide. Instead the samples were spread across 
the frames by moving the entire collector unit. Polymer A was used because 
no more polymer C was available. Surface damage was again found in the 
sample stretched X19 although the effect may have been slightly less 
pronounced; two examples are shown in Figs.67 and 68. Even though no guide 
was used, the damage still seemed to be due to the rotation of the 
collecting frame because, as before, it occurred particularly in two regions 
of the sample. The tensile strengths of the resultant carbon fibres were 
low, as expected, see Table 20. The sample stretched X14 gave carbon fibres
1 2 0
with higher strengths than the XI9 sample and the average values obtained 
have been plotted against heat-treatment temperature in Fig.6 9. The heat- 
treatment temperature had a similar effect on the strengths to that found 
previously for carbon fibres from steam-stretched PAN fibres although the 
results were not as high, see Figs.35 and 69* Some fracture surfaces of 
the carbon fibres were therefore examined and again evidence of surface
damage was found. Two examples are shown in Figs.70 and 71 tor fibres heat-
treated to 1400°G. Out of ten fibres investigated four failed due to surface 
damage with the remainder breaking at isolated flav/s, probably caused by 
small impurities. The surface damage in this X14 sample could only have 
been present in a few places however since examinations of the precursor 
fibre with the SEM and under the optical microscope had failed to show any 
evidence of it.
An estimate of the amount of strain developed in the fibre as it was 
being wound onto the frame can be made, using the diagram in Fig.66, as 
follows:-
Circumference of collecting frame = 34-7 cm
Circumference of final roller = 15*7 cm
Thus for each revolution of the frame the roller did 34 • 7/"15 - 7 ? i.e.
2.21 revolutions, since overall the speed of collection had to match
the speed the fibre was leaving the roller.
As the frame moved from position A to position B, i.e. -5- revolution
the length of fibre leaving the roller was 2.21 x 15.7/4 cm = 8.7 cm.
The other "end” of the fibre on the other hand moved from A to B, a
J 2 ^ 2distance of approximately y(8.5) + 8.5
12.0 cm
121
The difference between these two distances is not the fibre extension 
however since the fibre was slack at point A and only began to extend 
as the frame passed the vertical point.
The extension at point B was therefore = — % cm12.0 - 8.72 ~
= 1.7 cm
Thus the strain in the fibre at point B = /LZL^-122. yo
= 1-956
Although the fibres were still wet as they left the final'roller it 
is nevertheless of interest to compare the stress-strain behaviour of a
glycerol-stretched fibre whose surface had been damaged-during spinning
with that of a steam-stretched fibre where the effect had not been found. 
This has been done in Table 21, with load-elongation curves for individual 
fibres from the two samples also- shorn in Fig.72. In both cases the 1-9$ 
strain, calculated above, is higher than the limit of proportionality but 
well below the elongation to fracture. It can be seen from the load-
elongation curves however that a strain of 1.9$ must have generated a
considerably higher stress in the glycerol-stretched fibre, in the region 
of 0.25 GN/m , and. this could have been sufficient to damage the fibre 
surface. One possibility is that thin ribbons of material were detached 
from the surface because the varying tension had caused the fibre to slip 
over the final roller.
At this stage it was decided to spin two more samples of glycerol- 
stretched fibre using shorter collecting frames, 10 cm in length, and with 
the distance from the final roller to the collector increased to 160 cm.
I t  was e s t im a te d  th a t  th e s e  changes would reduce th e  s t r a in  in  th e  f ib r e ,
1 2 2
tSample+
' Average mechanical properties
Dia„
pm
Elongation 
to fracture
lo
Limit of 
proportionality
1o
Young? s 
modulus
GN/m2
Tensile
strength*
GN/nti
Stretched X14 
in steam at 100°C 
(see also Table 15)
13*7 15.3 1-3 9*0 ' 0.54
Stretched XI4 
in glycerol at 150°C 
(see also Table 20)
15-7 9-5 1.2 17.2 0.97
fibres spun from filtered solutions of polymer A 
*Gauge length 5 cm
Table 21 The stress-strain behaviour of PAN fibres stretched X14
(a) in steam at 100°G and (b) in glycerol at 15Q°C.
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due to the rotation of the frame, to about 0.6$. The results obtained 
with these samples, stretched X14 anci X19 as before, are given in Table 2 0. 
It can be seen that the strengths of the carbon fibres obtained from the 
sample stretched X19 were lower than the corresponding values for the sample 
stretched X14» as had been found in the previous experiment. This suggested 
that surface damage in the precursor fibre had still not been eliminated and 
an examination of the fibre surfaces in the SEM confirmed that this was the 
case. It was concluded that surface damage could not be avoided when using 
a X19 stretch ratio at 150°C.
No evidence of surface damage was found when as-spun fibres from the
X14 sample were examined in the SEM and the carbon fibres obtained from
this precursor had strengths that were similar to the equivalent results
obtained when using clean steam-stretched PAN fibre, see Tables 16 and 20.
The fracture surfaces of nine carbon fibres heat-treated to 1400°C were
investigated in the SEM and these fibres all failed at small surface flaws.
An example is shown in Fig*. 73. The average strength of the nine fibres
2examined was 3.31 GN/m , which was not significantly higher than the
2corresponding value of 3*24 GN/m? given in Table l6ffor tests on 2,5 cm 
lengths of carbon fibre from clean steam-stretched PAN fibre. Work on 
glycerol-stretched fibre was therefore stopped.
5.4 Transmission electron microscopy of carbon fibres
The internal flaws in some carbon fibre samples were studied by high
155voltage transmission electron microscopy at AERE Harwell ■ . The samples 
were prepared from steam-stretched PAN fibre spun under clean conditions 
from a filtered solution of polymer A and their mechanical properties were 
as given in Table 1 6. The flaw size distributions obtained for the fibres, 
and also for commercial high modulus carbon fibre*, are shorn in Fig.74 •
* This fibre was made from the PAN fibre used as the source of polymer A.
It had been head—treated to about 2500°C.
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described in Section 4*3*1) had successfully removed the majority of
impurities from the spinning solution and thus given a much cleaner fibre.
In the samples carbonized to 1000°C and heat-treated to 1400°C the flaws
were inclusions, seen as relatively dark regions in the electron microscope.
After the heat-treatment to 2500°C however the flaws were seen as lighter
regions because the inclusions had volatilized to produce holes.
156Sharp et al have recorded the changes that took place as a typical 
internal flaw was heat-treated to different temperatures in the range 
1500-3000°C. Hie fibre used in their experiment was obtained from a 
commercial PAN fibre and volatilization of the inclusion appeared to have 
started between l800-2000°C.
/
5.5 X-ray diffraction examinations of PAN fibres
Samples of steam-stretched and glycerol-stretched PAN fibres, spun
82from filtered solutions of polymer C, were examined by Johnson et al at 
Leeds University, and Table 22 summarizes the X-ray data obtained in terms 
of the following:-
(a) The orientation parameter, z, the azimuthal peak width at half 
height intensity.
(b) The crystallite size, L, measured across the fibres. This can 
be regarded as a measure of the average fibril diameter.
Although the molecular chains were packed in a hexagonal arrangement and 
were preferentially aligned along the fibre axis the fibres did not show 
any longitudinal order*. This lack of three dimensional crystallinity was 
attributed to a random distribution of the nitrile groups along the polymer 
chains. The orientation and crystallite size measurements were made using
It is clear that the method of filtering used in these experiments,
* The structure of PAN fibre is also discussed in Section 2.5.2(d).
1 2 5
~-- -- -™=--- -- -
Sample
Mechanical properties 
of the PAN fibres* Orientation
parameter*
Z°
Crystallite
s.ize+
L nm
Young's
modulus
GN/m2
Tensile
strength
GN/m2
Stretched X14 in 
steam at 100°C
1 1 . 0 0.55 28.4 4*7
Stretched X14 in 
glycerol at 150°C
17-5 0 . 9 0 1 4 .8 5.3
Stretched X16 in 
glycerol at 150°C
1 8 .0 0.99 1 0 . 4 8.4
Stretched X19 in 
glycerol at 150°C 1 8 .0 1 .0 9 10.4 5.9
Stretched X22 in 
glycerol at 150°G
1 8 .5 . 1 .0 6 10.4 1 0 ,5
*Gauge length 5 ora 
+100 reflections
Table 22 The preferred orientation, crystallite size and mechanical 
properties of PAN fibres spun from filtered solutions of 
polymer C using different hot-stretching conditions.
the main (100) equatorial reflections. The results showed, as expected, 
that the higher mechanical properties obtained by hot-stretching at 150°C 
in glycerol were associated with improvements in the amount of preferred 
orientation in the fibres It is interesting to note however that increasing 
the stretch ratio at 150°C from X16 to X22 had very little effect on the 
mechanical properties of the samples and produced no detectable change in 
the orientation parameter. In addition to having more preferred orientation, 
fibres hot™stretched in glycerol at 150°C were found to have larger 
crystallites than fibre stretched in steam, as can be seen from Table 22.
Thus hot~stretching in glycerol at 150°C, instead of in steam at 100°C, 
resulted in a more ordered structure with better packing of the molecular 
chains. The influence of the stretching conditions on the mechanical 
properties of the fibres will be discussed again in Section 6.2.
An indication of the amount of porosity in two of the samples, one 
stretched X14 in steam and the other X22 in glycerol, was also obtained by
vj/lO
means of low angle X-ray scattering. Station was the first to show that 
the diamond-shaped equatorial streaks often found when examining fibres in 
this way were the result of diffuse scattering of the X—rays by very fine 
pores, less than 10 nm in diameter. The low angle X-ray photographs taken 
at Leeds University for the two fibre samples were significantly different 
as can be seen from Fig.7 5 . The steam-stretched fibre gave a well defined 
diamond streak indicative of fine porosity while the glycerol-stretched 
fibre showed very little evidence of porosity. This then was further 
evidence that hot stretching in glycerol at 150°C had given a mor.e ordered
1 A band compact structure. Statton also found that PAN fibres stretched in 
steam had more porosity than fibre stretched‘over a heated pin at 120°C.
He thought this was due to water preventing a complete collapse of the 
structure during the steam stretching treatment.
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o Clean room fibre, spun from filtered solution
A Control fibre, spun in normal laboratory from
filtered solution
| + Fibre from proprietary P A N precursor101
0*5 10  2-5 5 0  100
Ga uge length , c m
Fig.  21 E f f e c t  of  l e n g t h  on t h e  s t r e n g t h  of  c a r b o n  f i b r e s  
h e a t - t r e a t e d  t o  2 5 0 0 °C o b t a i n e d  f r o m  s t e a m  
s t r e t c h e d  PAN f i b r e  s p u n  f r o m  
p o l y m e r  C ( l o g / l o g  p l o t )
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20 r 5cm lengths
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Tensile strength G N m -2
S t r e n g t h  h i s t o g r a m s  for c a r b o n  f i b r e s  H T 2 5 0 0 @C 
p r e p a r e d  under  c l e a n  c o n d i t i o n s  f r o m  s t e a m  
s t r e t c h e d  P A N  f i b r e s  s p u n  f r o m  p o l y m e r  C
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Fig- 2 3  S t r e n g t h  h i s t o g r a m s  for c a r b o n  f i b r e s  f ro m  t h e  
control  s a m p l e  HT 2500®C o b t a i n e d  f r o m  s t e a m  
s t r e t c h e d  PAN f ibre  s p u n  from p o l y m e r  C
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Applied stress G N m “2
_ oApplied stress G N m
Applied stress G N m  2
F i g . 2 4  S t r e n g t h  d i s t r i b u t i o n s  for c a r b o n  f i b r e s  HT 
2 5 0 0 °C o b t a i n e d  f r o m  s t e a m  s t r e t c h e d  PAN  
f i b r e s  s p u n  from p o l y m e r  C
1 3 5
Logjo probability of avoiding a flaw 
operative betow 2 G N m " 2
F i g . 2 5  E f f e c t  o f  g a u g e  l e n g t h  on t h e  p r o b a b i l i t y  of  carbon  
f ibres w i t hs t an d in g  a  s t r e s s  of 2 G N m -2 . F i b r e s  
obta ined  fro m s t e a m - s t r e t c h e d  PAN fibre spun from 
a f i l t ered so lu t ion  of p o l y m e r  C under clean condit ions
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X9000
X8300
F i g . 2 6
S t r e n g t h  1 . 5 G N  m"2  
D i a m e t e r  7 . 5 y m
T h e  t w o  f r a c t u r e  s u r f a c e s  o f  a  c a r b o n  f i b r e  h e a t - t r e a t e d  
t o  1 4 0 0 ° C  o b t a i n e d  f r o m  s t e a m  s t r e t c h e d  PAN f i b r e  s p u n  
f r o m  a  f i l t e r e d  s o l u t i o n  o f  p o l y m e r  C u n d e r  n o r m a l  
l a b o r a t o r y  c o n d i t i o n s  ( c o n t r o l  s a m p l e )
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x8100
x 9 1 0 0
Probable 
ini t i a t i o n  
point
X 9 4 0 0
F ig s .27-29
Surface flaw
S t r e n g t h  2 . 2 G N  m ~ 2  
D i a m e t e r  7 . 8 y m
F i g . 2 7
S t r e n g t h  2 . 6 G N  m ~ 2 
D i a m e t e r  8 . 1 y m
Surface flaw
F i g . 2 8
S t r e n g t h  3 . 1 G N  m ~ 2  
D i a m e t e r  7 . 5 y m
F i g . 2 9
F r a c t u r e  s u r f a c e s  o f  c a r b o n  f i b r e s  h e a t - t r e a t e d  t o  1 4 0 0  C 
o b t a i n e d  f r o m  s t e a m  s t r e t c h e d  PAN f i b r e  s p u n  f r o m  a  
f i l t e r e d  s o l u t i o n  o f  p o l y m e r  C u n d e r  c l e a n  r o o m  c o n d i t i o n s
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X8200
Strength 2.1GN m~2
Diameter 6.7ym
S u r f a c e  f l a w
F i g . 3 0  F r a c t u r e  s u r f a c e  o f  a  c a r b o n  f i b r e  h e a t - t r e a t e d  t o  2 5 0 0  C 
o b t a i n e d  f r o m  s t e a m  s t r e t c h e d  PAN f i b r e  s p u n  f r o m  a  
f i l t e r e d  s o l u t i o n  o f  p o l y m e r  C u n d e r  n o r m a l  l a b o r a t o r y  
c o n d i t i o n s  ( c o n t r o l  s a m p l e )
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x 8 0 0 0
x 8 1 0 0
P r o b a b l e
■ i n i t i a t i o n
p o i n t
S t r e n g t h  2 . 7 G N  m 
D i a m e t e r  8 . 3 p m
-2
F i g . 31  T h e  t w o  f r a c t u r e  s u r f a c e s  o f  a  c a r b o n  f i b r e  h e a t - t r e a t e d  
t o  2 5 0 0 ° C  o b t a i n e d  f r o m  s t e a m  s t r e t c h e d  PAN f i b r e  s p u n  
f r o m  a f i l t e r e d  s o l u t i o n  o f  p o l y m e r  C u n d e r  c l e a n  r o o m  
c o n d i t i o n s
140
x 8 3 0 0  S t r e n g t h  1 . 5 GN  m“ 2
D i a m e t e r  6 . 9 y m
F i g . 3 2  F r a c t u r e  s u r f a c e  o f  a  c o m m e r c i a l  c a r b o n  f i b r e  a f t e r  h e a t  
t r e a t m e n t  t o  2 5 0 0 ° C  (W.  J o h n s o n ^ 7 )
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F i g . 3 3  An i n c l u s i o n
x l  0 0 0
F i g . 3 4  A s u r f a c e  i m p u r i t y
F i g s . 3 3  & 3 4  T y p i c a l  i m p u r i t i e s  f o u n d  i n  PAN f i b r e  s p u n  f r o m  a n  
u n f i l t e r e d  s o l u t i o n  o f  p o l y m e r  A u n d e r  n o r m a l  
l a b o r a t o r y  c o n d i t i o n s
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©  Filtered solution spun in clean room 
□ Unfiltered solution spun in clean room 
^  Filtered solution spun in normal laboratory 
x Unfiltered solution spun in normal laboratory
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Fig.  3 6  E f f e c t  of  l e n g t h  on  t h e  s t r e n g t h  o f  c a r b o n  f i b r e s  
h e a t - t r e a t e d  t o  1 4 0 0 ° C  o b t a i n e d  f r o m  s t e a m  
s t r e t c h e d  P A N  f i b r e  s p u n  f r o m  p o l y m e r  A 
( log  /  log  p l o t )
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F i g . 37
4 - 0  r
3 0
2- 0
ro
3  1- 5 h
o  Filtered solution spun in clean room 
□ Unfiltered solution spun in clean room 
A  Filtered solution spun in normal laboratory 
x Unfiltered solution spun in normal laboratory
©
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©
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Fibres HT 2 5 0 0 ° C
\
\
X
1 • 0
1-0 2-5 5-0
Gauge length,cm
10-0
Effect  of  l e n g t h  on t h e  s t r e n g t h  of  c a r b o n  f i b r e s  
h e a t - t r e a t e d  to 2 5 0 0 ° C  ob ta in ed  from s t e a m - s t r e t c h e d  
PAN f i b r e  s p u n  f r o m  po ly m er  A ( l o g / l o g  p lo t )
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Applied stress G N m 2
F i g . 3 8  S t r e n g t h  d i s t r i b u t i o n s  f o r  c a r b o n  f i b r e s  
h e a t - t r e a t e d  t o  H 0 0 ° C  o b t a i n e d  f r o m  
s t e a m  s t r e t c h e d  P A N  f i b r e  s p u n  f r o m  
a  f i l t e r e d  s o l u t i o n  o f  p o l y m e r  A  
u n d e r  c l e a n  c o n d i t i o n s
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Applied stress G N m
F i g . 3 9  S t r e n g t h  d i s t r i b u t i o n s  f o r  c a r b o n  f i b r e s  
h e a t - t r e a t e d  t o  2 5 0 0 ° C  o b t a i n e d  f r o m  
s t e a m  s t r e t c h e d  P A N  f i b r e  s p u n  f r o m  
a  f i l t e r e d  s o l u t i o n  o f  p o l y m e r  A  
u n d e r  c l e a n  c o n d i t i o n s
K 7
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F i g . 4 0  a &
©  Filtered solution spun in clean room 
□ Unfiltered solution spun in clean room 
+  Filtered solution spun in normal laboratory 
x Unfiltered solution spun in normal laboratory
Applied stress G N m  2
Fibres H T U 0 0 ° C
Applied stress G N m ” 2
b Fibres H T  2 5 0 0 ° C
S t r e n g t h  d i s t r i b u t i o n s  for c a r b o n  f i b r e s  o b t a i n e d  
f r o m  s t e a m  s t r e t c h e d  PAN f i b r e s  s p u n  f r o m  
p o l y m e r  A ( a )  A f t e r  h e a t - t r e a t m e n t  to  H 0 0 @C 
and (b )  A f t e r  h e a t - t r e a t m e n t  to 2 5 0 Q @C
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L og10 probability of avoiding a flaw 
operative below 2G N m - 2
F i g . E f f e c t  o f  g a u g e  l e n g t h  on the p r o b a b i l i t y  of  c a r b o n  
f i b r e s  w i t h s t a n d i n g  a s t r e s s  of  2GNm  . F i b r e s  
o b t a i n e d  from s t e a m  -  s t re tched  PAN f ibre spun from a  
f i l t ered s o l u t i o n  of  p o l y m e r  A under c l e a n  c o n d i t i o n s
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x9700
S u r f a c e  f l a w
X 9 2 0 0
S u r f a c e  f l a w
F ig .42 The fra c tu re  surfaces o f a carbon f ib re  heat-treated to  1400 C
obtained from steam stretched PAN f ib re  spun from a f i l t e r e d
so lu t ion  o f polymer A under clean conditions
S t r e n g t h  2 . 9 G N  m ~ 2 
D i a m e t e r  6 . 4 y m
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x8700
S u r f a c e  f l a w — ►
S t r e n g t h  3 . 0 G N  m 
D i a m e t e r  6 . 8 p m
X 9 3 0 0
S u r f a c e  f l a w — ►
F ig .43 The fra c tu re  surfaces o f a carbon f ib re  heat-treated to 1400 C
obtained from steam-stretched PAN f ib re  spun from a f i l t e r e d
so lu t ion  o f polymer A under clean conditions
151
x6100
S u r f a c e  f l a w
Strength 2.2GN m"2
Diameter 8.3pm
F i g . 4 4
x 6 8 0 0  S t r e n g t h  1 . 8 G N  m ~ 2
D i a m e t e r  7 . 1  ym
S u r f a c e  f l a w
F i g . 4 5
F i g s . 4 4  & 4 5  F r a c t u r e  s u r f a c e s  o f  c a r b o n  f i b r e s  h e a t - t r e a t e d  t o  1 4 0 0 ° C  
o b t a i n e d  f r o m  s t e a m - s t r e t c h e d  PAN f i b r e  s p u n  f r o m  a  
f i l t e r e d  s o l u t i o n  o f  p o l y m e r  A u n d e r  n o r m a l  l a b o r a t o r y  
c o n d i t i o n s
152
x l 1200
S u r f a c e  f l a w — ►
S t r e n g t h  2 . 7 G N  m ~ 2  
D i a m e t e r  5 . 8 y m
F i g . 4 6
x l 1 2 0 0
S u r f a c e  f l a w — ►
S t r e n g t h  3 . 2 G N  m 2 
D i a m e t e r  6 . 0 y m
F i g . 4 7
F ig s .46 & 47 Fracture surfaces of carbon f ib re s  heat-treated to 2500 C
obtained from steam stretched PAN f ib re  spun from a
f i l t e r e d  so lu t ion  of polymer A under clean conditions
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X 9 8 0 0
x l  1 0 0 0
F i g s . 4 8  & 4 9
S t r e n g t h  2 . 5 G N  m ~ 2 
D i a m e t e r  5 . 2 p m
F i g . 4 8
S t r e n g t h  2 . 6 G N  m ~ 2  
D i a m e t e r  4 . 8 p m
F i g . 4 9
F r a c t u r e  s u r f a c e s  o f  c a r b o n  f i b r e s  h e a t - t r e a t e d  t o  2 5 0 0  C 
o b t a i n e d  f r o m  s t e a m  s t r e t c h e d  PAN f i b r e  s p u n  f r o m  a n  
u n f i l t e r e d  s o l u t i o n  o f  p o l y m e r  A u n d e r  c l e a n  c o n d i t i o n s
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Fig. 51 a a b
5 c m  lengths
1 2  3 4
Applied stress G N m ” 2
b Fibres H T 2 5 0 0 ° C
S t r e n g t h  distributions for c a r b o n  fibres o b t a i n e d  
f r o m  deliberately c o n t a m i n a t e d  s a m p l e s  of s t e a m  
s t r e t c h e d  P A N  fibres (a) A f t e r  h e a t - t r e a t m e n t  
t© U 0 0 ° C  a n d ( b )  A f t e r  h e a t - t r e a t m e n t  to 
2 5 0 0 ° C  . F i b r e s  s p u n  f r o m  filtered s o l u t i o n s
of p o l y m e r  A  
1 56
S t r e n g t h  2 . 5 G N  m ~ 2 
x 6 7 0 0  D i a m e t e r  8 . 6 p m
s u r f a c e  f l a w
F i g . 5 2
x 5 8 0 0
s u r f a c e  f l a w — ►
S t r e n g t h  1 . 8 GN  m~ 2 
D i a m e t e r  8 . 6 p m
F i g . 5 3
F ig s .52 & 53 Fracture surfaces o f carbon f ib re s  heat-treated to 1400 C
obtained from steam stretched PAN f ib re  w ith  s i l i c a
p a r t ic le s  on the surface. Fibre spun from polymer A
157
x5200
s u r f a c e  f l a w
x 5 4 0 0
s u r f a c e  f l a w '
S t r e n g t h  1 . 7GN m 
D i a m e t e r  8 . 3 y m
-2
F i g  . 5 4
S t r e n g t h  1 . 9 GN  m 
D i a m e t e r  8 . 4 y m
-2
F i g . 5 5
F ig s .54 & 55 Fracture surfaces o f carbon f ib re s  heat-treated to 1400 C
obtained from steam stretched PAN f ib re  w ith iron  oxide
p a r t ic le s  on the surface. Fibre spun from polymer A
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X5400
F i g . 5 6  A s i l i c a  p a r t i c l e  a f t e r  h e a t - t r e a t m e n t  t o  1 4 0 0 ° C
x5000
F i g . 5 7  F i l a m e n t a r y  c a r b o n  g r o w t h  d u e  t o  t h e  c a t a l y t i c  e f f e c t  o f  
a n  i r o n  o x i d e  p a r t i c l e  a f t e r  h e a t - t r e a t m e n t  t o  1 4 0 0 ° C
F i g s . 5 6  & 5 7  T h e  e f f e c t s  o f  p r o c e s s i n g  o n  s i l i c a  a n d  i r o n  o x i d e  
p a r t i c l e s  o n  c a r b o n  f i b r e  s u r f a c e s
159
X6700
X 6 5 0 0
F ig .58 Two views of the fra c tu re  surface of a carbon f ib re  heat-treated
to 2500°C, obtained from steam stretched PAN f ib re  w ith carbon
black on the surface. Fibre spun from polymer A
S t r e n g t h  1 . 6 GN  m 
D i a m e t e r  7 . 9 y m
-2
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s u r f a c e
F i g
X6900
Strength 1 .92GN m” 2
^ i a  ^  ■  D i a m e t e r  7 . 4 y m
5 9  T h e  f r a c t u r e  s u r f a c e  o f  a  c a r b o n  f i b r e  h e a t - t r e a t e d  t o  2 5 0 0  C 
o b t a i n e d  f r o m  s t e a m  s t r e t c h e d  PAN f i b r e  w i t h  c a r b o n  b l a c k  
o n  t h e  s u r f a c e .  F i b r e  s p u n  f r o m  p o l y m e r  A
161
X 3 2 0 0
x3200
Fig.60 Particles of carbon black on the surface of carbon fibre heat- 
treated to 2500°C, obtained from steam stretched PAN fibre 
spun from polymer A
1 6 2
x5900 Strength 2.4GN m'2
Diameter 8.0ym
Fig.61
x2400
Strength 1.5GN rn”2 
Diameter 8.0ym
Fig.62
Figs.61-63 Fracture surfaces of fibres carbonized to 1000 C obtained 
from PAN fibres stretched xl9 in glycerol, spun from a 
filtered solution of polymer C in the clean room
1 6 3
x 8 5 0
Fig.64
xl400
Fig.65
Figs.64 & 65 Damaged areas on the surfaces of PAN fibres stretched 
xl9 in glycerol, spun from a filtered solution of 
polymer C in the clean room
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xl400
Fig.68
Figs .67 & 68 Damaged areas on the surfaces of PAN fibres stretched 
xl9 in glycerol, spun from a filtered solution of 
polymer A in the clean room without using a glass 
guide
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x 5 4 0 0
Strength 2.6GN m 2 
Diameter 8.9ym
x5400
Fig.70 The fracture surfaces of a carbon fibre heat-treated to 1400 C 
obtained from PAN fibre stretched xl4 in glycerol, spun from a 
filtered solution of polymer A in the clean room without using 
a glass guide
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S t r e n g t h  2 . 7 G N  m 2
D i a m e t e r  8 . 1  ym
x5700
Fig.71 The fracture surfaces of a carbon fibre heat-treated to 1400 C
obtained from PAN fibre stretched xl4 in glycerol, spun from a
filtered solution of polymer A in the clean room without using
a glass guide
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Fig . 7 2  l o a d - e l o n g a t i o n  c u r v e s  for P A N  fibres s t r e t c h e d  x 14 
(a) In s t e a m  at 1 0 0  ®C a n d  (b) In glycerol at 150°C. 
Fi b r e s  w e r e  s p u n  f r o m  p o l y m e r  A
1 7 0
X 6 7 0 0
surface flaw — ►
Strength 3.3GN m-2 
Diameter 7.0ym
X6700
surface flaw— ►
Fig.73 The fracture surfaces of a carbon fibre heat-treated to 1400 C 
obtained from PAN fibre stretched xl4 in glycerol, spun from a 
filtered solution of polymer A in the clean room and collected 
on a short 10cm frame
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a Stretched x!4 in steam
b Stretched x22 in glycerol at 150°C
Fig.75 Low angle X-ray scattering photographs for PAN fibres spun from 
polymer C and stretched (a) xl4 in steam at 100°C and (b) x22 in 
glycerol at 150°C (Johnson, D.J. et a£.®2)
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6.1 Introduction
The first part of the discussion is concerned with the structure and 
properties of PAN fibres as they are affected by the conditions used to 
hot-stretch the fibres during the spinning process. This is followed by a 
review of the factors that influence the Young's moduli of carbon fibres 
which includes a brief summary of the results given in Appendix A.
(Appendix A describes work done on the spinning of PAN copolymer fibres 
for conversion to carbon fibre where the comonomer additions were incor­
porated to promote intermolecular oross~linking during pyrolysis.)
Factors controlling the strengths are then discussed with the results 
obtained in this study being reviewed in relation to previous work, the 
strengths of commercially available fibres, and the various mechanisms 
that have been proposed to account for tensile fractures in carbon fibres. 
The discussion stresses the dominant role of flaws caused by impurity 
particles and includes a schematic representation of the changes that take 
place when a flaw develops on the surface of a fibre as the heat-treatment 
temperature is raised. Finally the prospects of obtaining further improve­
ments in the strengths and breaking strains of carbon fibres are assessed.
6.2 Effect of hot-stretching conditions on PAN fibre properties 
The results described in Section 5«1 clearly indicate that the
mechanical properties of PAN fibres are related to the amount of hot-stretch
applied during the spinning process. Hot-stretching causes the polymer
7 142 148chains to be preferentially aligned along the fibre axis ' ’ and the
mechanical properties are thus dependent on the degree of preferred 
orientation in the fibre structure. It was later found that the same amount 
of stretch (X14) had more effect when the hot-stretching treatment was done
6 DISCUSSION
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this increased the YoungTs modulus of the fibres from 11,0 GN/m to 17*5
2 oGN/m , see Table 22, The higher modulus in the sample stretched at 150 C
was associated with more preferred orientation in the fibre structure, as
82shown by X-ray diffraction , This was probably due to better packing of
the polymer chains since low angle X-ray scattering studies have indicated
that fibres stretched in glycerol at 150°C82, or in air at 120°C
contain less fine porosity than fibres stretched in steam at 100°C, In
addition a more ordered packing of the chains would result in the formation
7of more hydrogen bonds between them and this would also contribute 
towards a higher Young*s modulus. The hydrogen bonds arise due to the 
electronegative nitrile groups and probably form as follows:
i n  g l y c e r o l  a t  1 5 0 ° C  i n s t e a d  o f  i n  s t e a m  a t  lO O ° C t) I n  o n e  e x p e r i m e n t
\
h 9c ch„
2 \  / 2
HG - CN- - - ~HC - CN
/  \
h 2c^  ■ CH2
HG - CN- - - -HG - CN
/  \
Thus the mechanical properties of the as-spun fibres are dependent 
on the preferred orientation of the polymer chains and also on the number
of hydrogen bonds'between these chains. It might be expected therefore
that the introduction of a comonomer into PAN fibre would lead to a
decrease in fibre properties because it would interfere with the regular
packing of the molecular chains and reduce the amount of hydrogen bonding 
between them. This effect was found when spinning the acrylonitrile: 
vinylidene dichloride copolymers described in Appendix A, For example 
when the acrylonitrile:vinylidene dichloride ratio was changed from 14:1
/ 2 pto 8:1 the average Young’s modulus decreased from 9*8 GN/m to 7*6 GB/nT,
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even though the same hot-stretching conditions had "been used, see Table 26. 
Commercial PAN fibres however invariably contain some comonomer to allow 
the fibres to be stretched more easily and to provide dye sites.
136 159The present view * of the changes that take place during hot- 
stretching is that the fibrillar structure collapses, with the fibrils or 
chain aggregates being elongated and rotated so that they are aligned along 
the fibre axis. Movement of the molecules that link one fibril to another 
is also thought to occur, in some cases resulting in the breaking of the 
junctions. This model is consistent with the mechanical properties of the 
fibres obtained here for hot-stretch ratios up to X14« In one experiment
however where fibres were hot-stretched in glycerol at 150°C it was found
/
that increasing the stretch ratio from X16 to X22 failed.,to give any
82detectable improvement in preferred orientation and resulted in only
slight increases in fibre properties, see Table 22. At these very high
stretch ratios the fibrils must have been slipping past one another with no
improvement in alignment, which probably broke many of the junctions
between them. This may have been the reason why the fibres stretched X19
at 150°C were found to be susceptible to surface damage, with small ribbons
of material peeling away from the fibre during the final part of the
spinning process, see Section 5*3.4* It is interesting to note here that 
160Bunsell foxand that highly drawn PAN fibre had a tendency to split when 
subjected to an oscillating tensile stress. He also reported that ribbons 
of material, similar in appearance to those described here, were removed 
from the STirfaces of Kevlar-49j a high modulus aromatic polyamide fibre, 
during fibre production.
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6•3 Factors affecting the Young's moduli of carbon fibres
Fig. 16 shows that the Young's moduli of carbon fibres obtained by
the RAE process are dependent on the Young's moduli of the PAN precursor
63 154fibres. This had been expected, since Watt et al 1 had already
established the importance of preventing shrinkage during the oxidation
stage, to enable the preferred orientation of the PAN fibres to be retained
during the cyclization of the nitrile groups to form ladder polymer. They
showed that it was essential for the planar ladder polymer sequences to have
the correct orientation because these were the forerunners of the layer
66planes in the carbon fibre structure. Watt also showed that the use of 
an oxidation treatment gave a higher yield of carbon fibre with better 
mechanical properties. He suggested that this was because of intermolecular 
cross-1 inking during the early stages of pyrolysis due tp.. the elimination 
of water, as described in Section 2.3.2. The cross-links then helped to 
preserve the orientation of the structure and also reduced the loss of 
volatile fragments due to chain scission. Some chain scission and loss of 
orientation inevitably occurs however and this is probably the reason why 
the carbon fibre moduli in Figd6 approached limiting values as the PAN 
fibre modulus was increased.
The experiments described in Appendix A followed on from Watt's 
pyrolysis studies, the idea being to prepare PAN copolymer fibres 
containing additions designed to form intermolecular cross-links during 
pyrolysis; it was hoped that these cross-links would enable carbon fibres 
to be obtained with high Young's moduli without the use of an oxidation 
stage. This work was only partly successful. Evidence of additional 
cross-linking was found when evaluating fibre spun from an 8:1 acrylonitrile: 
ketene copolymer, ^ ( C ^ C H C N ) ^  - (CB^CO) . Tims the Young's modulus 
after carbonizing at constant length without an oxidation treatment was
159 GN/m , this being 45$ higher than the value obtained when using 
unoxidized PAN fibre but still 15$ lower than the modulus of carbon fibres 
from PAN fibre given a 5h oxidation treatment, see Table 27° A similar 
improvement was obtained using fibre from a 2 5:1:1 acryl onit rile: vinyl idene 
dichloride:itaconic acid copolymer® In this case the vinylidene dichloride 
(CII^ CCl^ ) was added to promote cross-linking with the elimination of HC1
while the itaconic acid (gN2C^CH°C00H^ WaS inclu6-ed as an initiator for
the formation of ladder polymerT^j16 Io Both the copolymers gave carbon
fibre yields that were higher than that obtained when carbonizing unoxidized
PAN fibre but lower than that obtained when using oxidized PAN fibre, see
Table 28® The drawback with these systems was that each cross-linking site
was there at the expense of a nitrile group and this restricted the amount
of ladder polymer that could be formed. Consequently there was an optimum
incorporation of comonomer; too little giving insufficient cross-linking
sites while too much restricted the amount of ladder polymer obtained,
66Watts pyrolysis studies had indicated that the ideal copolymer would be
(CH0CHCN) — (COCHCN)'^v' But attempts to prepare this type of copolymer 
1o2were unsuccessful +  The work with the acrylonitrile copolymers was 
useful nevertheless because it showed that the Young’s moduli of carbon 
fibres could be influenced by additions to promote cross-linking as well
ras by the amount of preferred orientation present in the precursor fibres.
6,4 Factors affecting carbon fibre strengths
The initial experiments using different hot-stretching conditions to 
spin PAN fibres for conversion to carbon fibre showed that the strengths of 
the two types of fibre were related, as can be seen from Fig.17* This was 
an indication that the strengths of the carbon fibres, like the Young’s 
moduli, were influenced by the amount of preferred orientation in the
2
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by spinning strong PAN fibres were unsuccessful; average carbon fibre
strengths in the region of 2 GN/m being the best that could be achieved
using this approach, see Section 5*2* Examinations of PAN fibres under
the optical microscope and investigations of the fracture surfaces of
carbon fibres with the SEM suggested that this was due to strength-limiting
flaws caused by the reaction of impurity particles with the fibres during
the conversion process* This was in agreement with the work of Johnson^
0 1 i S 'and Thorne 1 ^ who also concluded that flaws in carbon fibres were the
result of impurities in the PAN precursor fibres. In addition it was
consistent with the fact that the average strengths of PAN-based carbon
101fibres were dependent on the gauge length , this being another indication 
of the existence of flaws in the fibres*
The importance of impurities as a source of flaws in carbon fibres 
was conclusively demonstrated following the installation of a second 
spinning apparatus in the clean room so that clean PAN fibre could be 
prepared for evaluation* Thus it was found that carbon fibres obtained 
from clean steam-stretched PAN fibres had significantly higher tensile 
strengths* Fig*20 shows the effect of heat-treatment temperature on the 
strengths of the carbon fibres in the first experiment using polymer • C 
where two samples of PAN fibres were converted to carbon fibres; both 
were spun from filtered spinning solutions, one in the clean room and the 
other under normal laboratory conditions. The improvements in strength 
obtained by working in the clean room were found to be 84$ after heat- 
treatment to 1400°C and 82$ after the heat-treatment to 2500°C, A fuirther 
point of interest was the fact that the strengths of the clean sample con­
tinued to increase with the heat-treatment temperature whereas the control 
sample had maximum strength at the 1000°C stage. Similar improvements in
f i b r e  s t r u c t u r e *  H o w e v e r  a t t e m p t s  t o  o b t a i n  h i g h  s t r e n g t h  c a r b o n  f i b r e s
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strength were obtained in the second experiment using polymer A, as can be 
seen from Fig.3 5 + I11 this case however the strengths of the carbon fibres
from the' clean PAN fibres were virtually the same after the heat-treatments 
to 1400 and 2500°C, about 3 GN/m2 for the tests done on 5 lengths.
It was also foimd in these experiments that the strengths of carbon 
fibres obtained from clean PAN fibres showed very little gauge length 
effect, see Figs.21, 36 and 37° 1^ - fact in the first experiment the
strengths of fibres heat-treated to 2500°C were the same for gauge lengths 
ranging between 1 and 5 cn* (Eig.2l) but this may have been fortuitous 
in view of the fact that some isolated severe flaws were present in the 
sample, see Section 5*3*1? Fig.24° The resiilts given in Figs.36 and 37 
are probably a more accurate representation of the effect of length on 
the strength of clean carbon fibres. Another feature of the strengths of 
carbon fibres obtained from clean PAN fibres was the reduced amount of 
scatter in the individual values, as can be seen from Table 16. The 
coefficients of variation for the clean fibre samples ranged between 1C) 
and 25$ whereas the samples obtained from unfiltered spinning solution spun 
into fibre under normal laboratory conditions had coefficients of variation 
ranging between 17 and 3 7$°
The results given in Fig.35? taken in conjunction with the fracto- 
graphy-data summarized in Table 17 show that decreases in strength after 
heat—treatments to 2500°C can be caused by either surface flaws, internal 
flaws or by a combination of both types. When the spinning solution had 
not been filtered however fibres heat-treated to 2500°G showed a strong 
tendency to fail at internal flaws even when the fibres had been spun under 
normal laboratory conditions. On the other hand fibres heat-treated to 
1400°0 usually failed at surface flaws. This was the case even for the
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sample spun in the clean room from unfiltered spinning solution, since 
the complete elimination of surface impurities ~ 1 pm in size was not 
achieved, see Table 1 4.
It is useful at this stage to compare the strengths of the carbon
fibres obtained from clean PAN fibre with those of commercially available
carbon fibres* Tests on 5 cm lengths of recently acquired samples of
Grafil* type II fibre (heat-treated to about 1500°C) and Grafil'type I fibre
(heat-treated to about 2500°C) were therefore done and these were found- to
2 2have average strengths of 2.43 GN/m and 1.45 GN/m respectively® When 
these figures are compared with the equivalent results given in Table 16 
it can be seen that the clean carbon fibres prepared here were 23$ stronger 
than- the type II fibre and 103$ stronger than the type I fibre. The 
difference in strengths after the heat-treatment to 2500°0 was particularly 
noticeable; this was because the strengths of commercial type I carbon 
fibres are generally limited by internal flaws of the type shown in Fig.32., 
due to inadequate filtration of the spinning solution to remove impurities. 
Direct evidence that the filtering method used in this work led to a major 
reduction in the number of internal flaws in the resultant carbon fibres 
was obtained by high voltage transmission electron microscopy, see Section 
5,4„ The filtering technique in fact was sufficiently rigorous to ensure 
that the fractures in the clean carbon fibre samples almost invariably 
occurred at surface flaws.
Some information has been obtained on the types of impurity that can 
give rise to surface flaws in carbon fibres. As a first step samples of 
airborne dust in the vicinity of the spinning rigs were collected and 
analysed as described in Section 4*8. The particles were found to be mainly
^Supplied by Courtaulds Ltd., Coventry. The fibres had not been given a 
surface treatment.
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soot, silicates (containing Ca, Fe, Al) and silica, plus organic material 
such as paper fibres and plant tissues* Samples of clean PAN fibre were 
then spun and deliberately contaminated with (a) silica, (b) ferric oxide 
and (c) carbon black to see how this affected carbon fibre strengths, 
see Section 5*3*3* The silica and ferric oxide samples behaved similarly; 
in both cases the strength was slightly lower than that obtained with clean 
carbon fibre after carbonizing to 1000°C, lower by about 33$ after the 
heat-treatment to 1400°C, and lower by about 63$ after the heat-treatment to 
2500°C, as can be seen from Fig.50® It is interesting that the flaws 
apparently continued to develop in severity over a wide range of temperature. 
Examinations of the fracture surfaces of the fibres confirmed that the 
failures were associated with the contaminants. The results for the carbon 
black sample were less conclusive, the strength was lower than that of the 
clean sample by 13$ after the heat-treatment to 1400°C and by 49$ after 
the heat-treatment to 2500°C, but the fracture surfaces showed no sign that 
the carbon black had initiated the failures. It seemed more likely that 
the strength reductions were the result of impurity particles in with the 
carbon black which was reported to have an ash content of 0,2$.
The clean room experiments discussed above were all done using PAN 
fibre that had been stretched X14 in steam. Samples of PAN fibre were 
also obtained in the clean room that had been hot-stretched in glycerol at 
150°G, since this gave better properties in the as-spun fibre. The strengths 
of the carbon fibres derived from PAN fibres stretched X14 and X19 at 150°C 
were no better than those obtained from steam-stretched‘PAN fibre however, 
see Tables 16 and 20. This was partly due to damage to the glycerol- 
stretched fibres, with thin ribbons of polymer peeling away from the fibre 
surface, as described in Section 5«3©4« The damage occurred particularly 
in PAN fibres stretched X19? probably because this was too high a stretch
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ratio. The effect was avoided in a sample stretched X14 by tising small 
collecting frames but in spite of this the strengths of the resultant 
carbon fibres were only comparable with those of carbon fibres from steam- 
stretched PAN fibres. This was an indication that the small surface flaws 
in the carbon fibres from both steam and glycerol-stretched PAN fibres were 
the d.ominant factor limiting the strengths.
It should be mentioned here that Thorne et al163 also investigated 
the possibility of spinning clean PAN fibres for conversion to carbon 
fibres. For their starting material they used a commercial PAN fibre that 
was initially given a rapid wash with solvent (DMF) to remove surface 
contamination. A homogeneous semi-melt mixture of the polymer and the 
solvent was then extruded as a fibre into clean air at a temperature within 
the range 80-140°0. Finally the fibres were given a hot-stretching treat­
ment in clean air at 150°C to improve their properties and to remove traces
115of the solvent. The resultant carbon fibres however only had tensile 
strengths ranging between 1.5-2.2 GN/m . Higher strengths might have been 
achieved using this method if the polymer/solvent mixture had been filtered 
befoi'e spinning the fibres.
A number of other factors known to affect the strengths of carbon 
fibres have not been investigated in this work. For example it has been
found that the strengths of carbon fibres can be increased by coating their
164 165 166surfaces with carbon 1 or by means of surface etching treatments
Surface treatments to increase fibre strengths will be discussed in
Section 6.6.
6 .5  Fractyire mechanisms in carbon fibres
A number of fracture mechanisms have been proposed to explain the 
fact that the strength of PAN-based carbon fibres is normally found to
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decrease^’^  after heat-treatments to temperatures above 1200-1500°C.
123Cooper and Maj^er for example suggested that shear stresses caused
dislocations to pile up at barriers, such as crystallite boundaries, and
that this eventually resulted in fracture due to the formation of a crack*
A Hall-Petch relationship was proposed which required the strength to be
*inversely proportional to the square root of the crystallite size and 
thus to decrease with the heat-treatment temperature.
' 1 frflStewart and Feughelman adopted a different approach and set out
to relate carbon fibre strengths to the unbending of the curved ribbons
of material (fibrils) thought to be present in the fibre structure, see
Section 2.2*3. They were concerned in particular with the tensile stress
in the concave edges of the curved ribbons and suggested .that fracture
occurred when this stress reached a critical value* Their analysis
predicted strength to decrease with heat-treatment temperature as a
consequence of the increase in ribbon thickness (L ) known to occur after
29heat-treatments to high temperatures ,
168Tyson on the other hand considered the decrease in strength with 
heat-treatment temperature to be related to changes in disordered regions 
at the crystallite boundaries. He used X-ray techniques to investigate 
density fluctuations in the fibres and concluded that as the heat-treatment 
temperature was increased the density of the disordered regions decreased. 
A Marsh elastic/plastic fracture concept was then adopted where the dis­
ordered regions at the crystallite boundaries were regarded as zones where 
plastic deformation could occur, with crack nucleation taking place when 
a critical strain had been reached. Tyson’s'analysis thus required the 
breaking strains and the tensile strengths of carbon fibres to decrease
*L measured along the length of the fibres.ct
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with heat-treatment temperature as a consequence of the decreasing density 
of the disordered material at the crystallite boundaries.
The above mechanisms must now be regarded as doubtful since the 
strengths of clean PAN-based carbon fibres do not decrease with heat- 
treatment temperature. The evidence that the strengths of carbon fibres, 
and hence their breaking strains, are limited by flaws due to impurity 
particles is now very strong, in view of the results obtained here, the 
studies by Johnson and Thorne4 all(~j -^ y Sharp et It seems
likely however that the fractures propagate via the crystallite boundaries, 
as discussed by Tyson, once failure has "been initiated at a flaw® This
would account for fibres heat-treated to 2500°G having more fibrous fracture
✓
surfaces than those heat-treaded to 1400 C, see Section 5*3.1.
Since fractures in carbon fibres are initiated by isolated flaws and 
the fibres show 110 evidence of plastic deformation when tested, it is 
possible that their strengths might be explained in terms of the Griffith
brittle fracture equation® This approach was first used by Sharp and
"1l6 ^Burnay . They adopted a value of 4*2 j/nrf for the surface energy of
graphite and calculated that the crack lengths in fibres with a Young’s
modulus of 350 GN/m shoafLd be in the region of 0.1-0.3 pm® Since these
lengths were about 1/ 1O of the size of the bubble defects found in their
fibres they concluded that the failures had been initiated at cracks in
the walls of the cavities® Sharp and Burnay were able to support this
conclusion by demonstrating that the failures did not necessarily occur
at the largest cavity in the fibre and also by showing that the walls of
the cavities were made up of lamellar three dimensional graphite that was
m a r k e d l y  d i f f e r e n t  f r o m  t h e  r e s t  o f  t h e  f i b r e  s t r u c t u r e .
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Whitney and ICimmel on the other hand used the Griffith equation 
to calculate apparent surface energy values for several hatches of fibre 
heat-treated to 1500°C. They estimated flaw sizes by examining the 
fracture surfaces of the fibres with the SEM and they used the maximum 
flaw dimension in all cases. This led them to obtain high values for the 
apparent surface energies, ranging between 14-55 j/m » as might have been 
expected from the work of Sharp and Burnay. Whitney and Kimmel however 
took their high surface energy values to be an indication that some plastic 
deformation had taken place at the crack tips during fracture.
It is of interest to see how the results obtained bere fit. the
99Griffith brittle fracture equation which is as follows:
|2EYo' = where cr = fracture stress\ TtC
E = Young's modulus 
Y = surface energy 
and c = the length of a surface crack or
half the length of an internal crack.
Estimates of flaw sizes were made from SEM photographs of fracture
surfaces, but only for fibres heat-treated to 1400°C and for fibres heat-
treated to 2500°C that had failed at internal flaws, where the flaws could
be located unambiguously. These experimental values are given in Table 23
where they can be compared with calculated values obtained using the Griffith
equation. In view of uncertainty about the correct value to take for the
surface energy term two calculated flaw sizes have been given for each
2fibre, one obtained using Reynolds surface energy value of 4*2 j/m and the
2 * other using the value of 9*7 J/m calculated by Williams et al .
^Reynolds12 obtained his result from the elastic constants of graphite, while 
Williams et al1G6 used the bond energy of carbon in graphite layer planes 
together with an estimate of the effective surface area/bond.
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sizes:
(1) The flaw sizes calculated from the mechanical properties were in 
good agreement with the surface flaw sizes obtained experimentally 
for fibres heat-treated to 1400°C, when the surface energy was 
taken as 9*7 j/m «
(2) The calculated flaw sizes for the babble flaws in the fibres heat- 
treated to 2500°C were smaller than the observed flaws, as had 
been found by Sharp and Burnay^
It is also of interest to examine the effect of heat-treatment 
temperature 011 the calculated crack size in more general terms by applying 
the Griffith equation to average strength and modulus values. This has 
been done in Table 24 which gives average crack sizes obtained using the 
strengths of 5 cm lengths of fibre, taken from Tables 12 and 16. The 
results used were for fibres obtained from filtered spinning solutions so 
that the crack sizes obtained would refer to surface flaws in all cases® 
The surface energy value was taken as 9*7 j/m since this had given good 
agreement with the measured flaw sizes in Table 23® Similar values of 
flaw size were obtained for the clean samples obtained from polymers A 
and C, with the most noticeable feature being an increase in flaw size 
(to about 0.3 pm) after the heat-treatments to 2500°C® The values for the 
samples spam aander normal laboratory conditions were larger, as expected, 
and they showed more scatter, although again the flaw size increased after 
heat-treatment to 2500°C® Thus, if the Griffith equation is to be used 
to accoomt for the changes in strength with heat-treatment temperature 
an explanation for the increases in average flaw size is required*
T h e  f o l l o w i n g  p o i n t s  e m e r g e d  f r o m  t h e s e  c a l c u l a t i o n s  o f  f l a w
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Sample
Fibres spun 
in clean room 
from filtered 
spinning solutions
Fibres spun in 
normal laboratory 
from filtered 
spinning solutions
Heat-treatment
temperature
°C
+Calculated flaw size 
pm
Polymer G 
(see Table 12)
Polymer A 
(see Table 16)
1000 0.24 ft 0 .0 1 0 .2 3 + 0 .0 1
1400 0 .2 3 ft 0 .0 1 0 . 1 7  ft 0 .0 1
2500 0.31 ft 0.03 0 .3 0  ft 0 .0 2
1000 0 .2 8 ft 0 .0 3 ,0.36 ft 0.03
1400 0 . 7 2  ft 0 .0 8 0.29 ft 0.03
2500 0 .9 9 ± 0 . 1 2 O . 98 ft 0 . 1 1
^Fibres were stretched X14 in steam
Surface energy taken as 9*7 j/m
Table 24 Effect of heat-treatment temperatureon theaverage flaw 
sizes calculated using the Griffith brittle fracture
equation,
The results in Sections 4*8 and 5*3.3 have indicated that surface 
flaws are caused by the reaction of inorganic impxirities such as iron 
oxide, silica and silicates with the fibres during’ the process of conversion 
to carbon fibre. This is likely to have been the case even for the samples 
prepared under clean room conditions since the complete elimination of 
impurity particles |xm in size was not achieved, as can be seen from 
Tables 10 and 14®
/
In the case of silica particles the overall reaction is as follows: 
Si02 + 3C •— > SiC + 200
169Humphrey et al have investigated this reaction and they calculated
/ 2that the equilibrium pressure of GO would be about 60 KN/m (0.6 atmos)
at 1400°C rising to atmospheric pressure at 1472°C« Thus the vacuum heat-
treatment to 1400°C used in this work must have resulted in at least a
partial reaction between silica particles and the underlying carbon fibres.
This might therefore be expected to create small cavities in the fibre
surfaces with either SiC or partly reacted SiO^ particles inside them. The
flaws seen on some of the fracture surfaces are consistent with this
explanation, see Figs.52 and 53. The reduction of the SiO^ particles was
probably only finished during the heat-treatment to 2500°C however, since
170according to a review by Brown the reaction does not proceed rapidly 
until the temperature reaches 1500-1600°C. This could explain the 
variation of strength with heat-treatment temperature shown in Fig.50 for 
the fibres contaminated with Si02« The average strength was found to have 
decreased slightly after the heat-treatment to 1400°G followed by a more 
pronounced decrease after the heat-treatment to 2500°C. Silicate particles 
will react similarly to produce flaws although here the presence of other 
metals such as calcium, aluminium and iron will complicate the reactions.
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In the case of iron oxide particles flaws could he produced by the 
reactions:
FegO + 3C 2 Fe -f 3 CO 
and 3 Fe + C — * Ee^G
However the situation is complicated by the fact that iron oxide can
o 171 172 «be reduced at temperatures below 1000 C 1 , 1  and it is known that gases
such as hydrogen, carbon monoxide, methane and other hydrocarbons are
70evolved during the carbonization of the fibres . Under these conditions
some deposition of carbon from the pyrolysis gases must be taking place
and this would contribute towards the reduction of the oxide particles.
Carbon deposition from the vapour phase is also likely to have been the
cause of the filamentary growths of carbon found to have formed at the
iron oxide particles during carbonization, see Fig.57? Section 5*3*3® The
way in which these filaments grow has not yet been established although
173two mechanisms have been proposed. Baker et al investigated filaments
formed at metallic particles from acetylene and suggested that growth -
occurred by a deposition/solution/precipitation mechanism. Thus carbon
deposition by the exothermic decomposition of acetylene was thought to
create a temperature gradient in the particles with the result that carbon
diffused through them to be precipitated at cooler regions next to the
substrate. This explanation was consistent with the fact that metallic
158particles were found in the tips of the filaments. Oberlin et al on 
the other hand considered that the hollow filaments they obtained at iron 
oxide particles in benzene—hydrogen gas mixtures at 1100°C were formed by 
a mechanism involving the surface diffusion of a "carbon species" around 
the particles. Filamentary growths will not be discussed any further here 
since, if they were formed from the vapour phase, it is unlikely that they 
had any effect on the strengths of the underlying fibres.
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In view of the fact that iron oxides can he reduced by carbon at
o 172temperatures as low as 700 C it is likely that the small particles on
the fibres contaminated with Fe_CL were completely reduced during the
2 3
carbonizing stage® The reductions in strength that followed the heat-
treatment s to 1400 and 2500°C (see Fig®50) must therefore have been due
to the iron promoting the formation of localized regions of randomly
116oriented three dimensional graphite. It has already been shown by 
electron diffraction that the walls of some bubble defects in carbon fibres 
consist of lamellar three dimensional graphite® These walls were thought
119to contain cracks that could initiate fractures® In addition Coyle et al
found that some low strength fibres heat-treated to 2500°C had impurities
containing iron and silicon on their surfaces and, using both X-ray and
electron diffraction methods, they showed that this contamination had
173-177promoted localized graphitization® It is also known that the bulk
graphitization of carbon can be accelerated by means of small additions of 
metals such as nickel, cobalt, iron and silicon® The mechanism is thought 
to involve dissolution of amorphous carbon followed by the precipitation of
graphite, the most stable form of carbon, at temperatures where the metal
175 /carbide is unstable® Thus Baranieski et al found that iron/silicon
additions promoted graphitization when the temperature was raised to 1400°C
176while Courtney and Duliere found some evidence of graphitization due to 
iron at temperatures as low as 1000°C® Silicon by itself might not be
expected to promote graphitization very effectively in view of the stability
"lAQ "177of silicon carbide at high temperatures • Nevertheless Ishikawa et al
found that silicon additions had increased the amount of graphitization
obtained in carbon samples heat-treated to 2500°C® In view of the
differences in behaviour discussed above it is perhaps surprising that the
strengths of the samples contaminated with Fe 0 and SiO showed such
2 3  2
similar variations with the heat-treatment temperature® Probably some
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differences would have been apparent had additional strength measurements 
been made at intermediate heat-treatment temperatures.
It was thus concluided that inorganic impurities give rise to flaws 
in carbon fibres, first by chemical reaction with the fibres at intermediate 
temperatures and then by promoting the formation of localized regions of 
three-dimensional graphite at high temperatures. The increases in the 
size of the surface flaws associated with heat-treatments to 2500°C (see 
Table 24) could be due to cracks or porosity caused by the growth of the 
randomly oriented graphitic regions within the existing fibre structure.
Such defects are likely to be present since the loss of impurity material
by evaporation or by diffusion into the fibre is also involved. A schematic
/
representation of the events talcing place as an oxide impurity on a PAN
*1 *7 Afibre is heat-treated is shown in Fig. 7 6 . Johnson and Bennett have in 
fact found isolated regions on the surfaces of fibres heat-treated to 2500°C 
where the layer planes did not have the preferred orientation of the rest 
of the structure. They had been examining thin sectionsscut from the 
fibres with an ultra-microtome,,using an electron microscope. These 
regions could have been formed as a result of impurities, as described 
above. For oxide impurities inside the fibres the obvious difference is 
that the gas produced by the chemical reaction will be trapped, particularly 
if the reaction only takes place at a high temperature when the fibres are 
relatively impervious to gases (see Section 2.2.5)* The gas pressure that 
then builds up in the region of the impurities will hinder the reaction 
so that the reduction is only completed when the temperature is raised.
The gas pressure may also cause localized plastic deformation at high 
temperatures, as reported by Sharp and Burnay , and this could be an 
additional factor contributing to the graphitization of the surface layers 
of the resultant bubble defects. The above observations are consistent
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with the fact that fibres heat-treated to intermediate temperatures tend 
to fail at surface flaws whereas fibres heat-treated to high temperatures 
generally fail at internal flaws®
The size of cracks in the graphitic regions formed due to impurities
might be influenced by the rate of cooling after the high temperature
heat-treatment due to the effect of thermal expansion anisotropy, see
Section 2.2.5° Unfortunately the experimental data on the effect of
179cooling rate on fibre strengths is inconclusive. Jones and Duncan did 
find that a sample of fibre cooled from 2000°C at a rate of 2°C/min had
* n / 2an average strength of 2.8 GN/m while another sample cooled more rapidly 
at 27°c/min had a strength of only 2.3 GN/m2. However when these cooling 
rates were duplicated in this laboratory using fibre obtained from 
commercial PAN fibre no difference in strengths was obtained, the average 
strengths for 5 °ni lengths of fibre being 2.1 GN/m in both cases. The 
only other published work on the effect of thermal expansion anisotropy
18owas by Lo Maistre and Diefendorf . They postulated an onion-skin 
structure for the fibres, as shown in Fig‘.7(k)i Section 2.2.4? a^d suggested 
that radial tensile stresses due to thermal expansion anisotropy caused 
delaminations of the basal planes on cooling from heat-treatments to high 
temperatures® Their mechanism is unlikely to be correct however since, 
in the absence of flaws due to impurity particles, the strength d6es not 
decrease with heat-treatment temperature® Furthermore there is no evidence 
of circumferential cracks on the fracture surfaces of carbon fibres®
It is likely that flaws in carbon fibres are caused by many different 
types of impurity in addition to inorganic oxides. Oxides have been
*The tests by Jones and Duncan were done on 1 cm lengths.
+The source of polymer A in this work.
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considered in some detail here because they were frequently found in the 
laboratory dust samples that were analysed.
6•6 Prospects of obtaining further increases in carbon fibre strengths
Reynolds and Sharp have suggested that there is a crystallite shear 
limit to the strengths of carbon fibres, pointing out that in a fibre 
where the mean misorientation angle between the fibre axis and the layer 
planes is there will be some crystallites where the misorientation angle 
is at least 2$. It was then argued that shear failure would occur at 
one of these crystallites but only when the neighbouring crystallites had 
similar misorientations so that the initial crack could run across them.
They adopted a value of 1*5$ as intrinsic strain to failure of type II 
fibre (fibre heat-treated to about 1500°C) after considering experimental 
values and showed that this was consistent with a limiting shear strain of 
20$ in a crystallite at 2<f> to the fibre axis. Finally they assumed that 
a limiting shear strain of 20$ was also applicable to type I fibre (fibre 
heat-treated to about 2500°C) and calculated that the intrinsic strain 
in this ca,se should be 1.33$. Their estimated values for the intrinsic 
strengths of type II and type I fibre were thus 3*8 and 4*8 Git/rr/
1
respectively.
The fracture mechanism proposed by Sharp and Reynolds is attractive 
in that it requires the fibre strength to increase with the temperature of 
heat-treatment, as was found with two of the samples of clean fibre 
evaluated here, see Figs. 20 and 6 9® With a third sample, see Fig.35? ±ke 
strengths were the same after heat-treatments to 1400 and 2500°C. These 
results suggest that fibre strengths do increase with heat-treatment tempera­
ture in the complete absence of flaws due to impurities. However the value 
they adopted for the intrinsic strain of type II fibre, 1*5$? was low.
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As can be seen from Figa38, individual strengths as high as 4 GN/m2 were 
obtained on several occasions for clean room fibres heat-treated to 1400°C, 
the breaking strains of these fibres being about 1.9$* O*1 "trie other hand
for fibres heat-treated to 2500°C the highest breaking strains obtained 
here were about 1$, well below the intrinsic strain of 1.33$ calculated by- 
Reynolds and Sharp* Thus the breaking strains proposed by Reynolds and 
Sharp are not consistent with experimental values.
A different approach to the problem of estimating the intrinsic 
strengths of carbon fibres is to obtain average strengths for a number 
of gauge lengths and to extrapolate log strength log gauge length plots to
182shorter lengths. Goggin has done this for a number of different batches
/
of type I and type II fibre and he found that the extrapolated straight
lines converged to two common values* In the case of type II fibres this
2occurred at a strength of 7 GN/m and a length of G*1 mm while for type I
2
fibres the extrapolations converged at 5 GN/irti and a length of 0.05 mm*
Goggin then linked these values to the intrinsic strength of 7 GN/m2
105obtained for type II fibre using the elastica loop test , as described
2
in Section 2*4*2, and to the intrinsic strength of about 5 GN/m obtained
181by Reynolds and Sharp for type I fibre using their shear limit approach.
The agreements were probably fortuitous however, particularly in the case
of the type I fibres, since Reynolds and Sharp obtained their value of
5 GN/m based on the assumption that the intrinsic strength of type II
2fibre was only 3*8 GN/m .
Extrapolations of gauge length data to predict values for short
lengths c-an only be justified when a single population of flaws is present
102and Metcalfe and Schmitz have shoim that this is not the case with 
glass fibres. They found that changes in the slopes of log strength
19.6
log gauge length plots occurred as the length was reduced and interpreted
these changes in terms of mixed flaw populations, using the following
183Weibull distribution function:
S = 1 — exp
L"  o
where S = probability of failure
L = length tested 
cr = applied stress 
o'^ upper limiting stress 
and m = index of flaw density
From the above equation it can be shown that values of m can be obtained 
from the slopes of linear log strength log gauge length plots. Metcalfe 
and Schmitz proceeded in this way and obtained values of m for the 
different flaw populations present. Invariably the strengths of short 
lengths were lower than might have been expected from the results obtained 
at long lengths because of changes in the m values.
It is most unlikely that all the flaws in carbon fibres can be
regarded as belonging to a single population, in view of the fact that both
internal and surface flaws can cause fractures, and also because of the
different types of impurities that can cause flaws. The mechanical test
data for the fibres obtained under clean conditions, for example, showed
widely spaced severe flaws operative below 2 GN/m as well as a second
population of smaller flaws, see Figs.22 and 24. The gauge length results
shown in Figs.36 and 37 also give some indication that the fibres contained
more than one flaw population. Although the number of gauge lengths used
was insufficient to permit the type of analysis used by Metcalfe- and 
102Schmitz it can be seen that the values for 1 cm lengths were consistently 
lower than would be expected from linear log strength log gauge length 
behaviour.
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It is not possible, in view of the considerations described above, 
to be certain about the scope for further improvements in carbon fibre 
strengths. However strengths in the region of 5 GN/m should be possible 
for type II fibres where surface flaws are generally predominant, if 
satisfactory coating or etching treatments can be developed to modify or 
remove these flaws. The clean room approach, although resulting in 
significant strength increases, cannot completely avoid surface flaxes due 
to the difficulty in achieving the complete elimination of small impurities 
less than 1 jam in size. Corresponding strength improvements in type I 
fibres will be more difficult to obtain due to the development of internal 
flaws from impurities and also because the severity of surface flaws 
increases with heat-treatment temperature, as discussed in Section 6.5®
Some success with the development of carbon coating treatments to
improve fibre strengths has already been obtained. Thus Thorne found
that a 0 . 2  pm carbon coating deposited from a mixture of carbon dioxide
and acetylene at tJ00°G raised the strength of a sample of carbon fibres
2
from 2.1 to 3*6 GN/m . Similar improvements in strength have been obtained
165 *in this laboratory # For example the strength of a sample of Grafil
type A fibre (carbonized to about 1000°C) was increased from 2.8 to 3»4
GN/m by the application of a 0.1 pm coating deposited from acetylene at
800°C. Carpenter and McMullen^'1, working on a larger scale with a
continuous production apparatus, also shox\red that the strengths of type II
fibres could be increased by 20-30$ if small additions of hydrocarbons were
made to the inert atmosphere in the heat-treatment furnace. In addition
to increasing fibre strengths the presexice of carbon coatings has been
found to increase the interlaminar shear strengths of carbon fibre
185reinforced plastics; Carpenter and McMullen J shoxyed this to be tho case 
^Supplied by Courtaulds Ltd,
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with PAN-based fibres while Pinchin and Woodhams reported the same effect 
for hot-stretched rayon-based carbon fibres.
The strengthening mechanism involved when carbon fibres are coated
has not yet been established. One possibility is that pits or cracks in
the surfaces are healed due to deposition of carbon within them.
Alternatively the opening of surface cracks might be restricted due to the
deposited carbon forming bridges across them. It is unlikely that the
coatings themselves carry much of the load on the fibres during testing
165since they are known to have a low modulus, i.e. the observed fibre 
modulus decreases as the coating thickness is increased.
Surface etching treatments have also been used to increase the 
strengths of existing carbon fibres, notably by Johnson^8 and Thorne^5*166^ 
They concentrated their investigations on carbon fibres heat-treated to 
1000-1300°C, to avoid failures due to internal flaws, and used the following 
types of treatment:
(a) low-pressure argon ion bombardment;
(b) wet chemical etching;
(c) gaseous oxidation in moist air at 4 5 0°G<>
166In his most recent publication Thorne reported that an etching treatment 
had increased the average breaking strain of a batch of fibre from 1*5$ to 
about 2$, these results being obtained using a gauge length of 23 mm. 
Assuming the modulus of this fibre (207 GN/m ) was unchanged by the treat- 
ment the average strength had been increased to 4®1 GN/m „ It would have 
been interesting to have applied this treatment to the samples of clean 
fibre obtained here but unfortunately Thorne did not give details of the 
method used.
164
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One final point that needs consideration is the extent to which 
improvements in the strengths of carbon fibres will be reflected in the 
properties of the composites. In Fig.36 for example it can be seen that 
the strengths of the different samples were converging as the length
tested was reduced and it coxild be argued that, if the fibre/resin bond
*
was strong, giving a short critical fibre length, then there would not be
a large difference in the strengths of composites made from these samples.
It would thus have been interesting to have made composites from the
samples and determined their mechanical properties, in particxilar their
strengths and impact resistances, but there was insufficient fibre
available. In the near future it is hoped that larger quantities of
clean high strength carbon fibres will be obtained so that this type of
work can be done. A difficulty in correlating fibre and composite strengths
is to eliminate the effects of imperfections in the composites due to voids
and poor fibre alignment. This was demonstrated recently by Hughes and 
186Jackson who obtained significant improvements in the strengths of
resin impregnated fibre tows by adopting a very careful experimental
procedure. Thus care was taken to avoid the introduction of twist into
the tow and good alignment and packing was achieved by curing the resin-
impregnated tow within heat-shrinkable tubing under tension. Composite
strengths of 2.4-2 .6 GN/m were obtained which were calculated to be '
2equivalent to fibre strengths of 4«0~4«5 GN/m Hughes and Jackson 
finally related these strengths to extrapolated log strength log gauge 
length data to obtain values for the effective fibre length in the 
region of 1 mm.
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Before conversion to carbon fibre 
Oxide impurity on the surface of 
a PAN  fibre
After heat-“treatment to an 
intermediate temperature
Impurity converted partly or 
completely to metal or metal 
carbide. Fibre converted to carbon
After heat-treatment to a 
high temperature
Three dimensional graphite 
crystallites due to precipitation of 
carbon from an unstable carbide. 
Cracks or porosity are likely to be 
present in this region.
Fig. 7 6  S c h e m a t i c  r e p r e s e n t a t i o n  of t h e  d e v e l o p m e n t  of a  f l a w  
o n  a c a r b o n  fibre s u r f a c e  d u e  to a n  oxide impurity
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7 CONCLUSIONS
Impurity particles in the PAN precursor fibres are the main source 
of strength-limiting flaws in carbon fibres prepared using the RAE process. 
This has been established by spinning PAN precursor fibres under both 
clean room and normal laboratory conditions and then comparing the 
properties of the carbon fibres derived from them. In one experiment the 
carbon fibres obtained from a clean sample of PAN fibre had an average 
strength " of 3 GN/m2 after heat-treatments to 1400 and 2500°C. The 
corresponding values when the PAN fibre was spun under normal laboratory 
conditions however were only 2.1 and 1.7 GN/m respectively. The increases 
in strength obtained by working in the clean room were thus 40$ arf the 1400°
stage and 75$ after the heat-treatment to 2500°C. A baric of laminar flow
/>
air filters enabled the airborne particle count in the clean room to be 
reduced by at least a factor of 1(/ti
The strengths of the carbon fibres obtained from d e a n  PAN fibres 
were either unchanged or they increased slightly when the heat-treatment 
temperature was raised from 1400 to 2500°C. Furthermore these strengths 
were only slightly affected by the length tested over the range 1— 10 cm.
The strengths of carbon fibres obtained from PAN fibres containing 
impurities on the other hand decreased after the heat—treatments to 2500°C 
and showed pronounced strength-gauge length effects. It was found that 
carbon fibres heat-treated to 1400°C tended to fail at surface flaws 
whereas fibres heat-treated to 2500°C tended to fail at internal flaws.
The impurities that caused these flaws were present in the PAN precursor 
fibres either as inclusions due to inadequate filtering of the spinning 
solution or as surface particles picked up during the spinning process.
^ M e a s u r e d  u s i n g  a  g a u g e  l e n g t h  o f  5  c m
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The analysis of samples of airborne dust collected near the spinning 
apparatus showed that particles of soot, silica and various silicates 
(containing calcium, aluminium and iron) were common impurities. The 
samples also contained various types of fibrous fragments and other organic 
materials. Subsequent experiments, involving the deliberate contamination 
of samples of clean PAN fibre before conversion to carbon fibre, showed 
that particles of silica and iron oxide gave rise to surface flaws that 
continued to develop in severity as the heat-treatment temperature was 
raised. Fibres from a sample contaminated with carbon black however did 
not appear to have failed at flaws that were associated with the carbon 
black particles.
It was concluded that flaws in carbon fibres developed mainly from 
inorganic impurities such as metal oxides during the conversion process.
The flaws were probably formed in two stages (l) due'to reactions with 
the fibres leading to the reduction of the. oxide particles and (2) because, 
the impurities also promoted the formation of localised randomly—oriented 
three-dimensional graphite. In the case of inclusions the gases produced 
by chemical reaction and by the volatilisation of impurity material caused 
holes to form within the fibres, particularly after the heat-treatments to 
2500°C, Failures at this type of flaw probably started at cracks in the 
walls of the holes.
Examinations of fracture surfaces with the scanning electron microscope 
showed that ca,rbon fibres obtained from clean PAN fibre spun from well- 
filtered spinning solutions almost invariably failed at small surface 
flaws after all the heat-treatment stages. These flaws were probably the 
result of small impurities since it was not possible to achieve the complete 
elimination of particles < 1 pm in size. The observed flaw sizes on the
203
fracture surfaces of fibres heat-treated to 1400°C (o.1-0.3 pm) were found 
to be in agreement with the values calculated from the mechanical properties 
using the Griffith brittle fracture equation, when the surface energy was 
•baleen as 9*7 j/m . A similar comparison could not be made for fibres heat- 
treated to 2500°C since the surface flaws in these fibres could not be 
located unambiguously.
The Young's moduli of the PAN fibres and the carbon fibres derived
from them increased with the amount of steam stretch applied during the
spinning process. This was because the Young's moduli of both types of
fibre were related to the degree of preferred orientation in their structures.
Fibre strengths were similarly affected although in this case flaws due
, ■?+to impurities had the dominant effect on carbon fibre strengths . The 
maximum steam stretch ratio that could be maintained was X14 which, for 
one sample, gave a PAN fibre modulus of 12.4 GN/m and a carbon fibr,s 
modulus of 413 GN/m2 after heat-treatment to 2500°C. PAN fibres with 
higher Young's moduli and with less fine porosity were obtained when the 
hot-stretching treatment was done in glycerol at 150°C, instead of in steam 
at 100°0, since this resulted in more preferred orientation and better 
packing of the polymer chains. Thus some PAN fibre stretched X14- at 150°C 
had an average modulus of 17*9 GN/m2 and this yielded carbon fibre with a 
modulus of 434 GN/m2 after heat-treatment to 2500°C« PAN fibres could 
also be stretched by larger amounts at 150°C up to X22 and this led to 
further improvements in the fibre moduli. However the use of very high 
stretch ratios made the PAN fibres susceptible to surface damage, with thin 
ribbons of polymer breaking away from the fibre surfaces. This surface 
damage resulted in carbon fibres with reduced strengths.
*Most of the experiments on the effects of impurities on carbon fibre 
strengths were done using fibre stretched N14 in steam.
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Experiments involving the spinning and pyrolysis of PAN copolymer 
fibres, done to see if the oxidation stage of the carbon fibre process 
could be eliminated, were only partly successful. It had been hoped that 
suitable comonomers would promote intermolectilar cross—linking during 
pyrolysis so that the preferred orientation necessary for a high Young’s 
modulus could be obtained in the resultant carbon fibres. An 8:1 
acrylonitrile:ketene oopolymer "v* (CH^CHCN)^ - (CH^CO) gave the most
promising results with,fibre carbonized without an oxidation treatment
2 ohaving a Young’s modulus of 290 GN/m after heat-treatment to 2500 C,
This was 40$ higher than the corresponding modulus obtained using unoxidized
PAN fibre but still 25$ below the modulus obtained using oxidized PAN fibres.
The system was limited by the fact that the ketene groups, although
providing cross-linking sites, were present at the expense of - nitrile
groups and this hindered the formation of ladder polymer (see Appendix A).
8 SUGGESTIONS FOR FUTURE WORK'
The work described here has demonstrated that high strength carbon 
fibre can be prepared if the PAN precursor fibre is spun and converted to 
carbon fibre under clean conditions. However because only small quantities 
were obtained the extent to which improvements in the carbon fibre strengths 
are reflected in the mechanical properties of composites has not yet been 
established. It is thus important that larger quantities of clean fibre 
are obtained so that this link can be explored since the improvements in 
the carbon fibre strengths became progressively less noticeable as the 
length tested was reduced. It is also possible that when larger amounts of 
clean PAN fibre are processed the resultant c.arbon fibres will have higher 
strengths due to some healing of surface flaws as a result of carbon 
deposition from the pyrolysis gases.
It has been shown that carbon fibres obtained from PAN fibres spun 
from well-filtered spinning solutions under clean conditions have strengths 
in the region of 3 GN/m and, in general, fail at small surface flaws.
It is suggested that carbon fibres prepared in this way should be used in 
experiments aimed at achieving further increases in strength by means of 
coating and etching treatments to modify or remove these surface flaws.
It would-also be interesting to do further work on the deliberate contamina­
tion of samples of clean PAN fibre with selected impurities before conversion 
to carbon fibre. For example it was found that SiC>2 particles gave rise to 
flaws on the fibre surfaces after heat-treatment to 1400°C, probably because 
of the reaction
Si02 + 3 C  * SiC + 2C0
This reaction could be explored in more detail by investigating the 
effect of heat-treatment temperature on the strengths of samples contami­
nated with (a) S102 and (b) SiC. The effect of heat-treating fibres
Qcontaminated with Si02 to 1400 C in a carbon monoxide atmosphere could 
also be studied to see if flaw development could be prevented by suppressing 
the reduction of the SiOg particles.
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THE EFFECT OF COMONOMER ADDITIONS ON THE YOUNG'S MODULI OF CARBON 
" FIBRES OBTAINED "BROM PAN COPOLYMER FIBRES WITHOUT HIE USE OF AN
OXIDATION STAGE
A.1 Introduction and objective
2 1 *54The oxidation stage of the RAE process 1 for the production of
PAN-based carbon fibres requires about 5*1 treatment in air at 220°G for
6Afibres 13 pm in diameter and considerably longer for thicker fibres *
This is because it is a diffusion controlled process. The oxygen incor­
porated into the fibre structure (see Section 2.3©1) results in a higher
yield of carbon fibre and better mechanical properties, because of early
66cross-linking during pyrolysis with the elimination of HftJ and because
more ladder polymer is obtained. Early cross-linking might also be
effected by making additions to the PAN polymer however and this possibility
was explored in the experiments described here. The objective was thus to
spin PAN copolymers containing additions designed to promote cross-linking.
in the fibres during pyrolysis, to see if the oxidation stage could be
eliminated from the carbon fibre process. If this could be done then
carbon fibres could be ma.de more economically, and with larger diameters
187than can be obtained at present. Kelly has suggested that larger fibre 
diameters would result in increased toughness in fibre reinforced composites.
A .2 Preparation of copolymers-
The following PAN copolymers were prepared for evaluation:
(1) Acrylonitrile-acrylic ac id
— v-(CH2CHCN)5 - (CH2CHCOOH)p~‘
65This copolymer was investigated since Grassie and Hay had shown 
that acrylic acid groups were good initiators for the formation of ladder 
polymer in PAN, see Section 2.3©1©
(2) Aorylonitrile-acrylamide
(CH0CHCN)c - (CHoG H C 0 m J - " ~
2 j c. <L
Acrylamide was also tried as a group that might he expected to
initiate ladder formation as follows:
Z CH2 \  / CH2 \  / - CH2 \  /  L H2 \  / CH2 \  / (:H2 \  /
CH CH CH
I I 1
. f t  . C v
/  f t  f t  f t .  f t  ^0 HH f t N  rn
CH
I
GH
|
GH
I
•A> NH0 \ N % N
(3) Aorylonit rile-ketene
(CH2GHGN)n —’ (GHgCO)^-'^" where n = 6, 8, 12
Three copolymer ratios were used with this system, considered to he 
one of the most promising because it contained carbonyl groups attached to 
the polymer backbone. It was hoped that these groups would give rise to 
intermolecular cross-linking during pyrolysis with the elimination of water 
as is thought to occur on carbonising oxidized PAN fibre55, see Section 2,3.2<
(4) Acrylonitrile—vinyl alcohol 
(CH2CHCN)12 - (CHgCHOH)^-
66Although Watt has suggested that the oxygen in oxidized PAN fibre
is mainly present as‘carbonyl groups, infra-red studies by Clarke and 
80Bailey have indicated the existence of appreciable amounts of hydroxyl 
groups. The above acrylonitrile-vinyl alcohol copolymer was therefore 
evaluated and again the idea was that cross-linking with the elimination 
of water would take place during pyrolysis.
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(5) Acrylonitrile-vinylidene dichloride
(CH0CHCN) — • (CH CC1 );p~ where n « 8, 14, 25
72Previous thermogravimetric work hy Grassie and McGuchan indicated 
that this type of copolymer might he a good carbon fibre precursor. They 
obtained very high carbon yields on heating acrylonitrile-vinylidene 
dichloride copolymers in nitrogen up to 1000°C, in one case an 8/1 
copolymer giving a yield that was 80$ of the theoretical yield. This 
suggested that cross-linking due to the elimination of HC1 had occurred 
during the early stages of pyrolysis.
(6) Acrylonitrile-vinylidene dichloride—itaoonic acid
/COOH
(CH.CHCT) -  (CH CGI ) -  (CH 0 ) —
4 0  CH COOH
Additions designed to promote cross-linking also reduce the number
of nitrile groups present and this could restrict the amount of ladder
polymer that is obtained. This acryl onitril e-vinyl idene dichl or ide-itaconic
acid copolymer was therefore evaluated where the vinylidene dichloride
was added to promote cross-linking and the itaconic acid was included to
161initiate the formation of ladder polymer •
(7 ) Acrylonitrile- a-chloroacrylonitrile' * ^  >nn+«i »i V, -»iii«-ii i« .mi...... . - - am >■« <!■ o 1• mu n ■
—  (CHgCHCH) -- (CH2CC1CH)
This copolymer was investigated since it was a method of adding 
chlorine to the system without reducing the number of nitrile groups. It 
was realised that the chlorine might he eliminated by intramolecular
f  H C l )
-  i "
-  c  —
1
C -  
11
H
1
CN
reaction thus C  . Nevertheless an intermolecular reaction
a c r o s s  t h e  c h a i n s  w a s  a l s o  p o s s i b l e  s o  a  s a m p le  w a s  p r e p a r e d  a n d  e v a l u a t e d .
The PAN copolymers were prepared in the Synthetic Chemistry Section 
at the RAE, in most cases using emulsion or slurry polymerizations at 
5O_70°C with potassium persulphate as the initiator. The acrylonitrile- 
vinyl alcohol copolymer and the acrylonitrile-ketene copolymers however 
had to he prepared by the following route:
Starting materials: acrylonitrile and tertiary butyl vinyl ether 
n CH CHCN + CH CH
o c (ch3)3
Polymerization using azobisisobutyronitrile 
as initiator
(CH2CHCW)n—  (CHgCH )-
o c (ch3)3
Hydrolysis using HBr in aqueous NaSCN 
(CHgCHCN)^ - (CHgCHOH);^^- (Vinyl alcohol copolymer)
Oxidation with acetic anhydride in 
y dimethyl sulphoxide
(CHgCHCN)^ - (CH^CO) (ketene copolymer)
Molecular weights were estimated by means of inherent viscosity
128 13 2 /measurements ' on solutions containing 0,5 g of polymer/100 ml of
BMP, the aim with each copolymer being to obtain the same molecular weight
as that of polymer- A* This polymer was found to have an inherent viscosity
of 1*5 dl/g at 30°C* When necessary the molecular weights of the
188copolymers were limited by adding methanol as a chain transfer agent .
The copolymers were analysed after preparation and the amounts of 
comonomer taken up were calculated* The feed ratios were then changed if 
required in order to achieve the desired compositions.
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The copolymers were spun using the spinning apparatus described in
Section 4©1« The samples were not obtained under clean room conditions
since here the main concern was to prepare carbon fibres with high Young’s
moduli without the use of an oxidation stage. The spinning conditions
used are summarized in Tables 25 and 26. Whenever possible NaSCN solvent
was used since this was known to give fibre with good mechanical properties
and circular cross-sections. Copolymers not soluble in NaSCN solvent were
spun from solutions in DMF when the coagulant was usually 75$ aqueous DMF.
189Previous work by Mills and Moreton had shown that coagulation into 
75$ aqueous DMF gave fibres with circular cross-sections and satisfactory
mechanical properties, providing the samples were heated (after spinning)
o /to about 140 G to remove traces of solvent.
\
Since the copolymer fibres were to be compared as carbon fibre
precursors with the commercial PAN fibres normally used, the spinning
conditions were chosen so that the samples as spun had similar properties
2
to those of the commercial fibre, viz a Young’s modulus of 10.3 GN/m 
and a strength of 0.63 GN/mti* This was not always possible however as 
some of the copolymers could not be hot-stretched sufficiently, and some­
times very little material was available which ruled out trial experiments. 
With each copolymer therefore the hot stretch ratio used was either X14 
or the maximum that could be maintained without frequent breaks occurring 
during spinning. Two of the vinylidene dichloride copolymers could not be 
hot-stretched in steam at 100°C; these were stretched in hot glycerol at 
150°C, The samples of fibre, usually 100-200 mg in weight, were collected 
on silica frames.
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A.4 Evaluation of samplesfc+jrt* idwwiww i— ftww» ■aJatd
Mechanical tests on the fibres, as spun, and after various stages 
in the conversion process, were done as described in Sections 4*5 a*id 4*7 
Twenty fibres were tested from each sample using a gauge length of 5 cm. 
After spinning, polished cross-sections of the fibres were also examined 
under an optical microscope at X500 to check that they were circular and 
for evidence of porosity. This was done after mounting the fibres in 
araldite blocks.
The samples were converted to carbon fibres in the following stages
(1) Pyrolysis to 400°C in nitrogen.
Fibres on a silica frame within a graphite tube.
Rate of temperature rise 120°c/he 
Hold time 2h.
(2) Carbonization to 1000°C in nitrogen.
Fibres on a silica frame within a graphite tube.
Rate of temperature rise 120°c/iu 
Hold time -Jh.
(3) Heat-treatment to 2500°C in argon.
Fibres in small - graphite tubes.
Rate of temperature rise 800°c/h.
Hold time -jgh.
The pyrolysis was stopped at the 4-00°C stage to see if any increase in 
modulus, indicative of additional cross-1 inking, had occurred, see 
Section 2.3*2. At this stage the fibres had broken in places although 
there was no evidence of shrinkage having taken place.
air at 220°C before conversion to carbon fibre so that comparisons of fibre
properties could be made. In addition batches of oxidized and unoxidized
*commercial PAN fibre were also converted to carbon fibre to enable the 
effects of the different comonomers to be assessed relative to this 
precursor fibre.
A. 5 Results
The average mechanical pi^operties of the carbon fibres obtained from
the acrylonitrile copolymer fibres and from the commercial PAN fibres are
osummarized in Table 27* The yields of fibre after carbonizing to 1000 C 
were also measured and these are shown in Table 28. Calculated values for 
the theoretical carbon yields have been included in this..table. Details 
of the results, for each of the precursor fibres examined, are as follows:
Commercial PAN fibre
The results obtained with this precursor were essentially the same
66 oas those reported by Watt . Thus after pyrolysis to 400 C the modulus of
n
the oxidized sample had increased to 18.6 GN/7it/ whereas the modulus of the 
unoxidized sample had decreased to 4*8 GN/m • The higher modulus of the 
oxidized sample was thought to be due to crosslinking with the elimination 
of water, as discussed in Section 2.3*2* After each of the remaining 
processing stages the mechanical properties of the carbon fibres from the 
oxidized precursor were considerably higher than those obtained from the 
unoxidized sample, as had been expected. For example after carbonizing to
O
1000 C the modulus for the oxidized sample was 186 GN/m , 69$ higher than
*1,5 denier 10000 filament/tow special acrylic fibre from Courtaulds Ltd, 
Coventry. Fibre contained 6$ methyl acrylate and 1$ of an acidic dye 
site addition.
■4*The yields quoted were not corrected for the small amount of nitrogen 
known to be present after carbonizing to 1000°C,69
I n  s o m e  c a s e s  s a m p le s  o f  t h e  P A N  c o p o l y m e r  f i b r e s  w e r e  o x i d i z e d  i n
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Precursor fibre Oxidationtreatment
Measuredyield* Theoretical yield , 
%
Measured yield as °/0 of the theoretical yield
Commercial PAN fibre Unoxidised 29 67 43
Commercial PAN fibre 5h at 220°C 55 67 82
Acrylonitrile;
5:1
acrylamide Unoxidized 23 64 36
Acrylonitrile:
5:1
acrylamide 5h at 220°C 48 64 75
Acrylonitrile:12:1 vinyl alcohol Un oxidised 42 67 63
Acrylonitrile: 12:1 ketene Unoxidised 36 67 54
Acrylonitrile:12:1 ketene 2h at 220°C 47 67 70
Acrylonitrile:8:1 ketene Unoxidised 39 67 58
Acrylonitrile;8:1 ketene 1h at 220°C 50 67 . 75
Acrylonitrile:8:1 ketene 3h at 220°C 51 67 76
Acrylonitrile: 6:1 ketene Unoxidised 28 67 42 . ,
Acrylonitrile:8:1 vinylidene dichloride Unoxidised 36 59 61
Acrylonitrile: 14:1 " vinylidene dichloride Unoxidised 35 62 56
Acrylonitrile:25:1 vinylidene dichloride Unoxidised 33 64 52
Acrylonitrile: itaconic acid 25:1:1
vinylidene dichloride: Unoxidized 41 64 64
Acrylonitrile:
7:1
a-chloi-o aery loni t r i le Unoxidised 33 63 52
* After carbonising to 1000°C
Table 28
The carbonised yields for samples obtained from acrylonitrile copolymer fibres 
and from commercial PAN fibres
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that of the unoxidized sample, see Table 27* The yield at this stage 
was also much higher, 55$ as compared with 29$« It is interesting that 
the modulus of the oxidized sample after carbonizing to 1000°C, 186 GN/m2, 
was very close to the corresponding values obtained by dissolving the PAN 
precursor fibre, respinning into fibre with a steam stretch ratio of X14 
and converting to carbon fibre, see Table 16. This suggests that the total 
stretch ratio used during the manufacture of the commercial PAN fibre was 
also abouit X14«
Acrylonitrile:acrylic acid fibre (5si)
It can be seen from Table 27 that the acrylonitrile:acrylic acid
fibre samples had Young’s moduli that were very similar to that of the
/
commercial PAN fibre, in spite of the fact that the acrylic acid copolymer 
had an unusually high molecular weight and had to be spun from DMF*
Although only 5$ °f lb© copolymer could be dissolved in the DMF this was 
spun satisfactorily when the fibre was coagulated with 15$ DMF in water, 
see Table 25*
The unoxidized sample of fibre showed a decrease in modulus on
pyrolysis to 400°G, and after carbonizing to 1000°C the modulus was only 
2117 GN/m', similar to the value obtained when using unoxidized PAN fibre*
It was therefore concluded that the presence of -COOH groups in the fibre 
had not given rise to additional cross-1inking during pyrolysis*
A second sample of fibre, deliberately prepared with a larger fibre 
diameter (19*6 pm), was given a short 2h oxidation treatment before 
conversion to carbon fibre* Previouis work had shown that PAN fibres of 
this diameter required 22h oxidation^ but in this case it was hoped that 
the acrylic acid would initiate ladder polymer formation and hence accelerate
218
the. rate of oxidation® The modulus obtained after carbonizing to 1000°G
was 172 GN/m , only 7*5$ lower than the corresponding value for the
oxidized PAN fibre sample. This relatively high modulus for such a short
oxidation time suggests that initiation of ladder polymer formation had
taken place, and that additions of acrylic acid could play a. useful role
by increasing the rate of oxidation of PAN fibres in the carbon fibre
81process, .Recent work by Watt and Johnson has confirmed that a rapid 
rate of ladder polymer formation does lead to a more rapid uptake of 
oxygen in PAN fibres.
Aoryl onit rile s acrylamide fibre (5 * 0 ,
As had been found with the acrylonitrile:acrylic acid fibres there
was no evidence of any additional cross 1inking when unoxidised acrylonitrile
acrylamide fibres were converted to carbon fibre. Hie modulus decreased on
pyrolysis to 400°C, and the yield after carbonizing to 1000°C i^ as only 23$,
2see Tables 27 and 28. After the carbonizing stage the modulus, 136 GN/m , 
was higher than that obtained with the unoxidized sample of PAN fibre but 
this was probably a reflection of the higher modulus in the as-spun fibre.
In fact the ratio of the carbonized modulus to the as-spun modulus (i0 ,6 )
■was practically the same as the corresponding ratio for the commercial PAN 
fibre (1 0.7 )« A second sample of fibre given a 5k oxidation treatment before 
processing showed no unusual features and work 011 this system was stopped.
Acrylonitrile svinyl alcohol fibre (12:1)
Hie fibres spun from this copolymer had an average modulus of 14*5 
GN/m , 40$ higher than that of the commercial PAN fibre, while the strengths 
of the two fibres were the same, see Table 27* The higher moduli obtained 
with several of these laboratory-spun samples may have been the result of
^Modulus ratios were a useful guide when assessing the copolymers although 
carbon fibre moduli are not strictly proportional to those of the precursor 
fibres, as can be seen from Pig.16.
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the fibres being dried at constant length on the collecting frames. The 
commercial PAN fibres on the other hand were probably allowed to relax to 
some extent as they were being dried. The acrylonitrile:vinyl alcohol fibre
showed a decrease in modulus at the 3-00°C stage but even so the modulus
o pafter carbonising to 1000 C was high at 145 GN/m". As with the acrylonitrile
acrylamide sample however this was probably due to the high modulus of the
as-spun fibre. The ratio of the carbonised modulus to the modulus as-spun 
was 10.0, similar to the ratios quoted in the previous paragraph. The 
only indication that some additional cross-1 inking may have occurred with 
this copolymer was the high carbonised yield, 42$. This yield when 
expressed as a percentage of the theoretical yield was 63$ while the corres­
ponding figure for the vmoxidized PAN fibre sample was only 43$, see
Table 28.
j
Acrylonitrile sketene fibre (12:1)
An unoxidized sample of fibre from this copolymer gave very similar 
results to those obtained with the acrylonitrile;vinyl alcohol fibre.
As-spun, the fibres had almost identical properties and after heat—treatment
O / ^to 25OCAG the two samples had the same modulus, 262 GN/m1-. A second sample 
of fibre was given a short 21i oxidation treatment before processing and
this resulted in carbon fibres with high Young's moduli. For example after
o • 2heathfreatment to 25OO G the average modulus was 300 GN/m , 4$ higher
than the corresponding modulus for carbon fibres from oxidized PAN fibre.
Again however this was probably due to the high modulus in the as-spun fibre.
Aorylonitrilesketene fibre (8 ;1)
With the 8 :1 acrylonitrilesketene copolymer it was foimd that a 
stretch ratio of XI1 resulted in fibre with properties, as-spun, in good 
agreement with those of the commercial PAN fibre. This made the assessment
of the copolymer more straightforward. The results obtained with the 
sample of unoxidized fibre were encouraging, first of all because the 
modulus after pyrolysis to 400°C was 14$ higher than the as-spun modulus.
This copolymer was the only one to show an increase in modulus at this 
stage, in the absence of an oxidation treatment® Furthermore the moduli 
after carbonizing to 1000°C and after heat-treatment to 2500°C were higher 
than the corresponding values for the commercial PAN fibre by 45$ a^d 4G$ 
respectively, see Table 27» The yield after carbonizing was also relatively 
high at 39$, see Table 28. Thus there were definite indications with 
this copolymer that the incorporation of carbonyl groups had caused additional 
cross—linking and hence better properties in the resultant carbon fibres.
It is interesting to note that the use of an oxidation treatment 
had less of an effect with this copolymer. For example the sample given a 
1h oxidation treatment had a moduliis after carbonizing to 1000°C of 
179 GN/m only 13$ higher than the result obtained with the unoxidized sample. 
It was also found that a 3h oxidation treatment did not lead to any improve­
ment in properties as compared with the sample oxidized for 1h. In view 
of the promising results obtained with this copolymer it was decided to 
increase the acrylonitrilesketene ratio to 6s1 to see if further improve­
ments could be achieved,
Acrylonitrile sketene fibre (6s1)
Although the properties of the fibres spun, from this copolymer were 
in good agreement with those of the 8s1 acrylonitrilesketene copolymer, 
the results obtained after conversion to carbon fibre were poor. Thus the 
modulus decreased on pyrolysis to 400°0 , the modulus after carbonizing to 
1000°C was low, 90 GN/m2, and the yield was only 28$, see Tables 27 and 28. 
This was probably the result of chain scission during pyrolysis, due to the
ketene units restricting the lengths of the ladder polymer sequences*
154As pointed out by Watt the formation of ladder polymer enhances thermal 
stability since two bonds, instead of one, must be broken to create a 
break in the polymer chain* It was therefore concluded that there was an 
optimum acrylonitrilesketene ratio; a low concentration of ketene giving 
insufficient cross-linking sites while a high concentration restricted 
the formation of ladder polymer*
Acrylonitrile:vinyliderie dichloride fibre (8:1)
An 8:1 acrylonitrile:vinylidene dichloride copolymer was investigated
72first of all because Grassie and McGuchan had reported a high carbonized
yield for this system (see Section A*2), and also because the acrylonitrile:
/
ketene copolymer with a ratio of 8:1 had given encouraging results* The 
copolymer was found to be insoluble in the NaSCN solvent and was therefore 
spun into fibre from a DMF solution, using the conditions given in Table 26* 
It was necessary to raise the stretch temperature to 150°C to be able to 
stretch the fibre adequately and even then the properties, as spun, were 
lower than those of the commercial PAN fibre* For example the Young’s 
modulus was 7*6 GN/m , 26$ lower than that of the PAN fibre* After pyrolysi 
to 400°C the fibre modulus decreased by 30$, but in spite of this the 
modulus after carbonizing to 1000°C (119 GN/m2) was relatively high, in 
view of the low modulus in the as-spun fibre, see Table 27* The ratio of 
the carbonized modulus to the as-spun modulus for this sample was 15*7 
as compared with a ratio of only 10*7 for the unoxidized sample of 
commercial PAN fibre* The 36$ yield after carbonizing was also high since 
this was equivalent to 61$ of the theoretical yield, see Table 28* It 
seems likely therefore that the presence of chlorine had given rise to some 
additional cross-linking in the fibres during pyrolysis* The carbonized 
yield was not as high as that reported by Grassie and McGuchan however*
2 2 2
Possibly their yield, 80$ of the theoretical, was duo to the fact that they 
used a powder sample in a crucible. This may have resulted in some 
deposition of carbon due to the breakdown of volatile pyrolysis products 
before they had time to escape from the sample.
Acrylonltriletvinylidene dichloride fibre (14:1)
This copolymer was also spun into fibre using DMF as the solvent 
with the hot-stretching treatment being done in glycerol at 150°C. This 
gave fibres with properties in good agreement with those of the commercial 
PAN fibre. The Young's modulus after carbonizing to 1000°G was 138 GN/m2, 
25$ higher than the corresponding result for the unoxidized sample of PAN
fibre. The ratio of the carbonized modulus to the as-spun modulus for
/the copolymer sample was 14*1? slightly lower than the ratio obtained with 
the 8:1 copolymer. The yield after carbonizing was also slightly lower, 
as can be seen from Table 28. It was concluded therefore that less cross- 
linking had occurred with the 14:1 copolymer, as might have been expected 
with less chlorine in the system. On the other hand the 14:1 copolymer 
gave carbon fibres with higher moduli, as a consequence of the higher 
modulus of the as-spun fibre.
Acrylonitrile:vinylidene dichloride fibre (2 5:1)
The 25:1 acrylonitrile:vinylidene dichloride copolymer, with its
lower chlorine content, was soluble in 5G$ aqueous NaSCN and was therefore
spun using this solvent. It was not necessary to stretch the fibre in
glycerol at 150°C since a X14 stretch in steam at 100°C gave samples with
good mechanical properties, see Table 26. After carbonizing to 1000°C
2without an oxidation treatment the Young's modulus was 138 GN/m , the
same as that obtained with the 14:1 copolymer. However because of the
2
h i g h  m o d u lu s  o f  t h e  a s - s p u n  f i b r e ,  1 6 . 6  G N /m  , t h e  r a t i o  o f  t h e  c a r b o n i z e d
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modulus to the as-spun modulus was low, only 8.3 ; this indicates that 
the small amount of chlorine in the system (5$) had not given rise to 
much additional cross-1inking during pyrolysis. The 33$ carbon yield was 
also lower than the yield obtained with the 14:1 copolymer although it 
was s till higher than the yield obtained using unoxidized PAN fibre.
Aorylonitr11e;vinylidene dichloride;itaconic acid fibre (25:1:1)
72 161Itaconic acid was included in this copolymer since it is known ?
to promote the formation of ladder polymer sequences during the pyrolysis
of polyacrylonitrile. Thus the copolymer contained one addition to provide
cross-linking sites and another to increase the amount of ladder polymer
formed during pyrolysis. Table 27 shows that the results obtained with
the copolymer containing itaconic acid were better than those obtained
with the 25:1 acrylonitrile:vinylidene dichloride copolymer. For example
the decrease in modulus at the 400°C stage was less pronounced and a
higher modalus was obtained after carbonizing to 1000°C, 159 GN/m2 as
/ 2compared with 138 GN/m « The carbonized yield was also raised from 33$ 
to 41$ By- the addition of itaconic acid, see Table 28, These improvements 
confirmed that the amount of ladder polymer formed during pyrolysis has 
a significant effect on the Young’s moduli of the resultant carbon fibres.
Acrylonitrile: q-chloroaorylonitrile fibre (7:1)
This copolymer was investigated since it  offered the possibility 
of cross-linking sites without any reduction in the number of n itrile 
groups. Thus the cyclization reaction to form ladder polymer would not 
be restricted by the presence of the comonomer. The copolymer was spun 
into fibre with properties near to those of the commercial PAN fibre, 
using DMF as the solvent. It  is interesting to note that these properties 
were achieved using a steam stretch ratio of only X8 , see Table 26, This
suggests that the as-spun modulus is influenced by the number of nitriles 
in the system as well as the amount of stretch applied* A similar effect 
can be seen with the acrylonitrile:vinylidene dichloride copolymers where 
the as-spun modulus increased as the amount of comonomer was reduced*
The acrylonitrile: a-chioroacrylonitrile fibres showed only a small
decrease in modulus at the 400°C stage and the modulus after carbonizing 
o 2to 1000 C was 118 GN/m , 7$ higher than that obtained using unoxidized 
PAN fibre* The carbonized yield was also higher, 33$ as compared with 20$» 
The improvements were small however for the concentration of comonomer used* 
Probably some of the chlorine had been lost by intramolecular reaction as 
mentioned in Section A,2* This would not have given cross-linking* With 
the vinyl idene dichloride copolymers on the other hand two chlorine atoms 
were attached to the same carbon atom so that if  one was lost by intra­
molecular reaction the second would s till be available for cross-1inking 
by inter molecular reaction*
A*6 Discussion and conclusions
Hie results described in this Appendix have shown that for acrylo­
n itrile copolymer fibres carbonized at constant length without an oxidation 
stage three factors are important for the attainment of a high modulus 
carbon fibre:
(1) The Young’s modulus of the as-spun fibre*
(2) Hie amount of ladder polymer formed during pyrolysis*
(3) The number of cross-links formed during pyrolysis*
Of the acrylonitrile copolymers investigated, those containing ketene 
units and vinylidene dichloride units gave the most promising results.
These additions did promote cross-linking during pyrolysis as indicated by 
the Young's moduli of the carbon fibres obtained and by the yields after 
carbonizing to 1000°C. Unfortunately the additions also decreased the 
properties of the as-spun fibres and limited the amount of ladder polymer 
formed during pyrolysis since they did not contain n itrile groups. 
Consequently there was an optimum incorporation of comonomer for both the 
ketene and the vinylidene dichloride copolymers.
Hie ideal comonomer therefore should contain a n itrile  group and 
66previous work on the pyrolysis of oxidized PAN fibres suggested that the 
system (CH^ CHCN) - (COCHCN)-^ .* was required. However attempts to 
make this type of copolymer via a similar route to that used to obtain the 
ketene copolymers were not successful. The required starting material, 
tertiary butoxyacrylonitrile, (CH^ )^  COCH = GHCN, was prepared but this
162could not be polymerized either on its own or with acrylonitrile . This
was probably the result of a steric hindrance effect.
Hie most promising copolymers, from the point of view of obtaining 
carbon fibres of high modulus without an oxidation treatment, were the 
following:
(1) The 8:1 acrylonitrile:ketene copolymer
Fibres spun from this copolymer gave carbon fibres with a Young's
2 omodulus of 159 GN/m after carbonizing to 1000 C, this being 45$ higher
than the corresponding modulus for carbon fibres from unoxidized PAN
fibres but s till 15$ below the modulus of carbon fibres from PAN fibres
given a 5k oxidation treatment at 220°Co Similarly after heat-treatment
to 2500°C the Young's modulus was 290 GN/m2, a 40$ improvement on the
equivalent result for the unoxidized PAN precursor fibre.
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(2) The 25:1:1 acrylonitrile:vinylidene dichloride;itaconic acid 
copolymer
In this copolymer the vinylidene dichloride was added to promote cross- 
linking during the early stages of pyrolysis while the itaconic acid was 
included to initiate the formation of ladder polymer. This system also 
gave carbon fibres with a Young’s modulus of 159 GN/m after carbonizing 
to 1000°C, and with a modulus of 269 GN/m2 after heat-treatment to 2500°C. 
The improvements relative to carbon fibres obtained from unoxidized PAN 
fibres were thus 45$ 30$ respectively.
Finally it  must be said that although significant improvements in 
Young’s moduli and in carbon fibre yields were obtained, the additions did 
not provide a complete substitute for the normal oxidation stage. Since 
13 pm PAN fibres take up about 11$ oxygen when oxidized for 5k a_t 220°C, 
equivalent to an oxygen atom on 5°$ of the acrylonitrile units, this is not 
surprising. As mentioned above, when the amount of comonomer was increased 
above the optimum level the results were poor due to the reduction in the 
number of n itrile groups.
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